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Project Sumary

This voluue is a final report on the subject of collision energy
absorption done by M. Rosenh.att and Sons for the U. S. Coast Guard
Office of Research and Development. It consists of the following
five parts:

Part I - Tanker Structural Analysis for Minor Collisions
Part I - Tanker Structural Anelysis Procedure Primer
Part III - Tanker Structural Analysis Collision inspection Reports
Part IV - Evaluation of an lWG Shin Structure in Collision
Part V - Non-Stainard Structural Schemes for Increased Collision

Resistance of Tankers

Parts I through III represent a final report on the entire project.
Parts IV and V are interim reports on two subtasks that were completed
in Noverler 1973. They are included because they did aot form part of
the main report. It is to be also noted that the U. S. Coasf: Guard
does not endo.-se or approve of any of the concepts or procedures reported
on anywhere herein.
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SUMKARY

This report describes the work accompl!shed during the coirsz of the

project on the Evaluation of Tanker Structure in Collision. fi: intent

of the report is to present the investigations performed in evaluating the

phenomena that contribute to the 4bility of a longitudinally framed ship,

particularly a tanker, to withstand a minor collision. A minor :ollision

is one in which the cargo tanks rem.in intact. The ability to withstand

a minor collision is quantized by the total cnercf that can be absorbed

during the collision.

Although the project was specifically related to structural considerations,

brief order of magnitude studies were conducted to evaluate the role of rigid

body motion of colliding ships. These studies indicated that this form of

energy absorption could be significant although only a fraction of the overall

energy absorption.

The structural energy absorption phenorm.na were divided into elastic and

plastic. The elastic include hull girder vibratory response during collision,

Llastic bending of the whole hull girder, and local elastic deformation ih

the vicinity of the strike. It was determined that these were negligible

when compated to the plastic.

The ffnal output of the pro, ect has consequently been an analytical

procedure ani its numerical application, for estir,-ting the plastic energy

absorbed by longitudinally framed ships, particularly tankers, when involved

in -tither right 3ngle or oblique collisions, providing the collision is not

a "glancing blow." This procedure ermploys a static analysis, which is

an obvious simplification of the dynamic phenomena of collisions; the

striking I-jw is assumed rigid, although means of analyzing striking ships

with non-rigid bows were explored; and the possibility of dy/namic tearing

ii



or pui-.turing of the shell prior to rupture is neg'Q, ted. A step-by-step

calculation form of the procedure and numerical exampaes are con -ined in

3primer pablished a' a separate re-port. That report and the calculations

therein ar. intended to be an aid in understanding the material

presented herein.

The plastic energy analysis has indicated that the most significant

energy-absorbing phenomena are membrane tension in th" scdeshell, membrane

tension in the deck, :hearlng of web frames, and plastic beouin9 of the

sideshell. The most ;mportant of these is the memerane tension in the

sideshell.

In the course of developing the analysis procedure, component structu.es

tests and investigations of actual colii'ons were performed in order to

determine the validity of many assumptions which were .nade. A total of ten

comp)nent structure tests were conducted with stiffened aad unstiffened flat-

plate spscimens t1.at were one-fifth scale models of a represertatve por~.ion

of the side of a typical tanker. The -ctual collision inspections involved

six different collisions. Valuable information was gained regarding structural

failure r-.charnisms and extent of damage.

Parametric analyses are also presented which co-;st of the na.werical

application of the plas''c energy collisicn analysis prrcedure to six collision

incidents iro which a 10,000 DWT tinkt-r (and its variants) is struck by a 20,000-

ton dispr-ement ship. The results of this limited evaluation show that

(1) the membrane-tension energy is by far the greatest energy-absorbing

mechanism, ar,, (2) the total energy absorbed by the struck ship varies

C-astlcally w~th the location of the strike with respect to web: and, bulkheads.

I-- L.
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Another objective of the project was to perform an investigation of

non-rigid bows to propose methods of evaluating their significance. The most

important effect was shown to arise from dynamic loading, and was the

increased buckling strength of deck structur-. In both colliding ships and

the bow sideshell plating of the striking ship. These areas may then act

as hard points that can "knife" through other structure.

It was concluded that with additional effort it may be possible to

develop the present procedure for use in ranking the ability of the structure

of longitudinally frai._-d ships, particularly tankers, to withstand minor

collsions, and thereb-, assist in increasing the safety of these ships

The procedure is suffic .?rtly general that with judicious modifications

it can be made suitable for the analysis of other ship types.

Limitations of the procedure to be recognized are: (1) the procedure

employs a static analysis, (2) the striking bows are assumed infinitely rigid,

(3) damage to the structure does not extend into the b;lge area, and (4) the

possibility of the striking bow immediately cutting or punch-shearing the shell

of the struck ship has not been considered. Additional effort is required and

recommended to minimize the limitations of the procedure in order tc simulate

collisions more precisely. I

ij
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NOMENCLATURE

a = stiffener spacing, or the actual width between two specific
reference lines

b = effective design width of a plate, except for the flange of a
stiffener, for which 0.5b is the width of the outstanding leg,
measured from the center of the web

c = speed of sound In material

d = depth of the web of a stiffener flange or clear depth of web plate

d' = depth of the hull plate cross section that is assumed to be uniformly
stressed in compression at au.

dl = distance traveled by striking ship during collision

d2 = distance traveled by struck ship during collision

e - membrane-tension elongation

et = total membrane-tension elongation of a stiffened-plate T-beam

h = E/Et

kf = foundation modulus

ml = effective mass of striking ship (including added mass of water)

M2 = eifective mass of struck ship

p - penetration (relative movement of ship's centers of gravity
during collision process)

r = radius

rm W minimum radius of gyration

s - ratio ofesh to the yield strain, a/E
sh y

t - time

tf or t - thickness of a stiffener flange

tw or w - thickness of web of a stiffener

v - velocity

vi - velocity of striking ship at beginning of collision process

V2 - 0 - initial velocity of struck ship

vf - final velocity of both ships

ix



x longitudinal distance toward the load from a point of tangency
where a straight--line portion meets the curved portion of the hull
plate, in the vicinity of the load

y =lateral deflection relative to a horizontal line through
a point of tangency where the two straight-line portions
meet the curved portion

X Y maximum value of x and y, respectively, in the hull platem at tne centerline of the load

A, B and k = material property constant relating to when buckling
or rupture will occur during plastic bending

Af = area of stiffener flange

A = cross sectional area of T-beam
s

A = area of stiffener web
w

C = spring constant for lateral restraint, expressed as a force
per inch for member- per inch of lateral movement of the member

C' - a constant greater than iero, reflecting lateral restraint to
axial buckling

D = tension-test ductility in a 2-inch gage length

E = modulus of elasticity

Ebc = maximum value of bending plastic energy in stiffened-plate
T-beam unit, occurring when a longitudinal stiffener flangebuckles or ruptures

Ed = membrane-tension plastic energy in deck

E t = rimebrane-tension plastic energy in ship side

Eps = in-plane shearing plastic energy in web frame

Et  W tangent modulus

F - force

FR = force required to propagate longitudinally the yield line a. the strike

I - moment of inertia about the axis of bending

K - constant

K c Aiea r
K ratio of strain In the web frame spaces adjacent to the undistortede web frames or bulkheads bounding the damaged length to er

KE. - initial kinetic energy

KE - final kinetic energy

x
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KEa = absorbed kinetic energy- KE1 - KEf

L - length or diftance along a T-beam

L' = distance from load to nearest support for a right-angle collision,
or distance from load to support behind the load (in direction
opposite to longitudinal direction of strike) for an oblique collision

L = L L

L - length of an axially loaded member between points of Inflectionc

Ld = length of damage between undistorted web frames or bulkheads, measured
in longitudinal direction

L - equivalent length of plating compressed by the collision force
eq

L = space between two consecutive web frames

Lt = value of L when the length of damage is only one or two spaces
between weg frames

L - yielded length of flange at beginning of local buckling of a
y stiffener flange

M = mI + m2

M = maximum moment
0

M W plastic bending moment In a stiffened-plate T-beamP

N - normal force

P = maximum penetration or concentrated lateral load

Pb - load on a stiffened-plate T-beam that will occur during plastiL bending

P - crushing loadc

P - axial load capacitym

Ptm = a maximum value of the load on a stiffened-plate T-beam that
will occur during membrane tension

Pf - load exerted by the most highly strained stiffened-plate T-beam
wf on a web frame at the instant that the web fr3me yields or buckles

P concentrated radial load
y
P. = static Euler load

xi



R (with number - radius or ratio of force (shear, moment, or thrust)
subscript) within a web frame, subjected to a given lateral load,

to the. uit;,:nte force 'squired to fail the frame

R - maximum value of R (with number subscript)

T - average membrane tension thro-ighout the damaged length

' - duration -f co!lisior, process

V - shear ivi a rtiffened-plate T-b.em

V = ultimate shea. In web framc
p
6 = a specified lateral deflecLion; also, the deflection of the centrold

of a stiffened-plate T-beam

6bc ' maximum value of 6 during the bending phase for only one or two

web-frame spaces damaged

6m = maximum value of 6 during the membrane-tension phase for only one
or two web-frame spaces damaged

6n = maximum normal-to-plane deflection of a web plate

6 tc - value of 6 at the Instant of rupture, during the merbrane-tension
phase, when only one or two web-frame spaces are damaged

C = average longitudinal strain In hull throughout the damaged length

cc W longitudinal compression strain that results from elastic bending
of the entire ship cross-section

= average strain over L

Cm f maximum bending-plus-membrane-tension strain at hull rupture

C - 0.10 ( )

a theoretical bending strain in the flange of a longitudinal stiffener
s when It buckles near a web frame support

C sh strain at onset of strain hardening

E a Culer strain

xii



eO portion of the hend angle between a straight-line portion of the hull
and the location of maximum curvature at the r~idpoint of a sharp bend

ep - angle change In stiffened-plate T-beam at end of Lt that corresponds
to buckling or rupture of a longitudinal stiffener flange

A = length of a flange buckle wave

0tyu tension-field tensile stress at tension-field yielding

a u - tensile strength

a yield strengthY

a' - 0.5(ay + au) u averase plastic stress

c - i a' - average elastic se.ress

0E W Euler buckling stress

a - angle of collision measured from the struck ship undeforrd sde shell
behind the strike point to the centerline of the striking ship

y - shearing strain

Ye W total shearing strain up to tension-field yielding

Ye"  portion of ye due to strairting up to elastic iiear buckling

Ye portion of y due to straining between elastic shear buckling and
e tension-fiel yielding

Ym maximum shearing strain before unloading

Tcr elastic shear buckling stress

- shear yield strength

• - dynamic similarity number

w fundamental frequency of the plate

- mass density of tCe material

xiii
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1. INTRODUCTION

1.1 Background

Bulk-liquid marine transportation has proved to be a source of

pollution due to spillage of cargo when vessels are damaged in collisions

and groundings. In view of this, the governments of the world's maritime

nationL have committed themselves individually and collectively to take all

reasonable measures to minimize such pollution. The government agency in

the United States delegated to deal with such matters is the Coast Guard.

In order to minimize cargo spillage due to collisions, studies have

been proposed and implemented simultaneously in several areas, such as for

cargo and ballast tank arrangements, navigational aids, and traffic control.

Another consideration for minimizing spillage is to modify t i,

cargo containment structure to withstand collision damage. In keeping with

this objective, the Coast Guard sponsored the research study presented in

this report to develop an analytical procedure to evaluate the structure

of a tanker from the viewpoint of the actual protection it affords the

cargo during a minor collision. A minor collision is defined as one in

which the cargo tank rtmains intact, irrespective of whether the vessels

in question have single or double shell.

Previous work in the area of structural protection from collision

damage has been done both in the United States and abroad, starting late

in the 1950's. 'his work has mainly been concerned with protection of

the nuclear reactors in nuclear-powered vessels; therefore the collisions

studied have characteristicaliy involved high ship speed, and large

incursions inLo the ship's structure wit'i resulting catastroph.. structural failure

and flooding by the sea of compartments adjacent to the area of penetr!tion.

This type of collision cannot be classed as a minor collision.

I



(I)j7(2)

The wel-known works by Mlnorsky and Gibbs & Cox, Inc. (2)

account for the energy absorption characteristics of the ship structure

by assuming that the energy absorbed is essentially proportional to the

volume of steel damaged in the striking ship and the struck ship. The

technique Is easy to u3e ind is based on the detailed analytical exaipin-

ation of many collisions. How-ver, it applies to the energy associated

with damage occurring after initial rupture of the hull and therefor

does not apply to a minor collision.

1.2 Scope

As previously discussed, the research presented in this report

is concerned -dith the development of an analytical procedt. e to evaluate

the protection afforded to bulk-ltquid cargo by the ship structure during

a minor collision. A measure of the protection Is the amount of energy

absorbed by tie structure during the collision. The various topics con-

sidered naturally include elastic structural energy absorption and plastic

structural energy absorpt!kn. In addition, the possibil;ty cf significant

energy absorption due to rigid kody motion of the ships' h.'ls initiated by

the collision impulse is considered.

The approaches to identify the elastic and rigid body motion

energies are auite simplified, but are adequate to conclude that these

energies are small compared with the potential plastic energy available,

and can be neglected -hen f:stimating the energy absorbed in minor collisions.

Other phases of the present research have included developing a

plastic structural analysis Procedure for longitudinally framed tankers,

applying the procedure to the parimetric analyses of typical ship designs,

*Numbers i-n brackets designate references in the Bibliography. Appendix A.
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inspecting and evaluating damage that resulted from actual ship collisions,

conducting conoponent-structure model tests, and developing overall judgments

and conclusion- based on the i studies.

1.3 Organization of tl-e Report

This report describes all aspects of the project, but emphasizes

the ,Jastic analysis procedure and the insight It provides toward understanding

structural design for coll).ion resistance.

Section 2 describe, the theories u.,derlving the elastic energy,

rigid body motion energy, and plastic energy analyses. In addition, the

elastic and rigid body motion analyses and results are presented since the

energy associated with thes. phenomena is shown to be small and need not

be considered elsewhere.

Section 3 describes the collision plastic analysis procedure and

Section 4 the results of case studies using the analysis procedure.

Sections 5 and 6 describe two areas of investigation that greatly

aided in comparing theo-y with actuality. Section 5 presents th results

of the inspections of actual co!llions. Section S presents the results

of a limited series of structural tests un tanker structural components.

The plastic analysis procedure described in Section 3 considers

striking ships with infinitely stiff bows only. Section 7 consideres the

implications of striking bows which are not infinitely stiff and therefore

may deform.

Finally, the results , recommendations and the impact of this

study on the shipbuilding industry are discussed in Section 8.

1-3
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2. COLLISION ANALYSIS THEORY

2.1 General

The analytical theories of this study were developed to form I
the basis of an analysis procedure for the determination of energy absorption i

during a minor tanker collision. The theories presented below have been

developed from a literature survey, inspections of actual collisions, I
model tests of ship structural components, and experience. Different

approaches are applied to identify the elastic and p!astic structural

deformation energy absorption, and ship r!gid body motion energy absorption

of a tanker collision.

The assumed ship collision consists of four simultineous phenomena

as illustrated in Figure 2-1: (1) Local elastic deformation of the struck

ship, (2) Rigid body motion of the struck ship, (3) Plastic deformation of

the struck ship, and (4) Overall elastic deformation of the struck ship.

Although these phenomena occur concurrently, It is of interest to note

their cause and relation Lo the overall collision. The local eldstic

deformation of the struck ship (1. in Figure 2-1) occurs immediately on

cot.tact of the struck and striking ships. This will consist of elastic

distortions in the struck ship structure in the vicinity of the bow of

the striking ship. Also immediately upon contact and throughout the rest

of the collision, the striking ship applies a force (the striking force)

to the struck ship. Besides causing local structural failure, this -re

can induce rigid body motion (2.), vibration (4.), and an elast;' bending

of the entire hull girder (4.) of the struck ship. After the loci'

elastic deformation of the struck shi:o ends, local plastic deformation

(3.) will start and end with rupture of a cargo tank.

2-1 Preceding page blank



I.

LOCAL ELASTIC ENERGY ABSORPTION

DUE To LOCAL ELASTIC STRUCTURAL

DEFORMATION OF THE STRUCK SHIP.

--1IP DYNAMIC ENERGY ABSORPTION

D6' TO TRANSLATION AND/OR ROTATION

OF THE STRUCK SHIP.

,3.

LOCAL PLASTIC ENERGY ABSORPTION

DUE TO PLASTIC STRUCTURAL

DEFORMATION OF THE STRUCK SHIP.

4.

OVERA\LL ELASTIC ENERGY ABSORPTION

DUE TO OVERALL ELASTIC STRUCTURAL

DEFORMATION OF THE STRUCK SHIP.

FIGURE 2-1

COLLISION PHENOMENA INVOLVING

ENERGY ABSORPTION
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These four phenomena each have associated energy absorption

which may be sunmrize' as follows:

(1) Energy -A orbed by local elastic deformation of the struck

ship. Th's energy absorption corresponds to 1. of the ship collision shown

In Figure 2-1. The hull material will be stressed in its elastic range

as shown in Flgure 2-2, which is a typical stress-strain curve for

structural steu).

(2) Energy absorbed in rigid body motion of the struck ship.

This energy absorption corresponds to 2. of the ship collision shown in

Figure 2-1.

(3) Plastic energy absorbed by local piastic deformation as shown

in 3. of Figure 2-1. The local structure will be stressed in the inelastic

range as shown !n Figure 2-2.

(4) Energy absorbed by cierall elastic deformation of the ship.

The deformation includes that due to vibratory response. This energy

absorption corresponds to 4. of Figu-e 2-1.

The theories used to analyze the absorption of e;astic energy,

plastic energy, and rigid body motion energy are developed stparately below.

t2I
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2.2 Elastic Energy Analysis

2.2.1 Background

Most past analyses of the energy absorbed in ship coflisions
(1,3 -7)

have been conducted for the purpose of studying the protection of nuclear

reactors on nuclear-powered ships. These have been concerned with high speed

collisions resulting in large Incursions and catastrophic strbctural failure,

and can be classified as moderate to severe.

In the collision analysis considered in this report, it is

necessary to concentrate on relatively minor collisions in which the amount

of structural deformation of local structure does not exceed the capacity of

the structure to stretch or deform without rupture. Therefore, it is

reasonable to assume that elastic deformations could result in a relatively

significant amount of energy absorption.

Guida and Haywood (8,9) have investigated the importance

of elastic energy absorption in ship collisions. Haywood concluded that

tor a significant portion of the collision energy to be absorbed elastically

as potential or kinetic energy of overall ship vibration, the collision

duration should be as short as, or shorter than, the fundamental period

of horizontal ship vibration. The generation of a large collision force

lasting only a short period of time requires that the strength and stiffness

of the struck shio~s side structure be extremely large. The analysis that

was used to formulate these conclusions treated the struck ship as ! elastic

uniform beam subjected co two sinple types of collision impulse and did not

include a treatment of local structural behavior it' the vicinity of the

impact.
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TM1

in the work by Kline and Clough (10) on dynamic response of

ship structures to hydrodynamic loading, the ship is treated as an idealized

symmetrical structure supported on a series of buoyancy springs. The force-

time history and structural behavior of local and overall structures are

predicted for slammitng type impacts by the use of a slam analysis computer

program. The dynamic response of the ship structure to slamming indicates

that the response of local structure at the impact location can strongly

influence the elastic response of the overall structure by modifying the

magnitude and time-history of the applied forces as they are transmitted

through the local structure to the overali structure.

In light of the latter findings and because the present minor

collision analysis involves the study ot various local structural configu-

rations in the vicinity of the collision damage, the importance of modeling

local structural strength was identified as an important consideration in this

study.

Since the slam analysis computer program of refe.ence 
(10)

was available and offered the advantages of being able to specify complex

force-time histories of impact and also of obtaining both local and overall

displacement, velocity, an6 bending moment histories throughout the duration

of the collision, it was modified to be used in the collision analyses.

V

I
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2.2.2 Analytical Approach

In a collision the relative movement between the two ships

and the penetration into the struck ship depend on the initial momentum

of both ships, the structural resistance to penetration, the inertia forces

generated in the immediately affected structure (i.e. local structure) and

the relative heading of both ships. The latter effect has not been con-

sidered for this "relative magnitude" study. The remaining considerations

will result in a force-time history at the location of the strike once the

collision process has commenced (following initial contact). This force-

time history will result in the collision Impulse to the struck ship.

The problem then reduces to that of determining a suitable

force-time history or collision impulse. Once "'is is accomplished, the

modified slam analysis computer program discussed above can be used to de-

termine the elastic response of the hull.

In the present study various total collision impulses are

assumed and Input to the modified slam analysis computer program. Then by

comparing results,the most suitable impulse Is determined as described

in Appendix B. The various Impulses are constructed by separating each

Into structural resistance forces and local inertia forces. The structural

resistance forces are derived from the plastic energy absorption calculations

and are assumed to vary linearly with time. Various local inertia force-

time histories are assumed and added to the structural resistance forces,

yielding the various collision Impulses.

The details of the analytical approach can be found In

Appendix B.
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2.2.3 Calculation Results

Two basic groups of parametric analyses were conducted in

an effort to determine the importance of elastic energy absorption.

The first group of calculations used an assumed deceleration

of about one-tenth the acceleration of gravity to obtain short duration

collisions of less than 1.0-second duration. This series of calcuiations

indicated that elastic energy absorption could be significant; however,

after the completion of the first set of plastic energy absorption calcu-

lations, it became evident that the assumed decelerations were too

great and that realistic structural resistance forces would provide only

a fraction of the deceleration that was originally assumed.

In the second group of elastic energy absorption calcu-

lations, the energy absortion was calculated for three assumed collision

situations representati/e of a T-2 tanker colliding with a 120,000 DWT

tanker. The three collision situations that were investigated are as

follows: (1) 1" mild steel single shell, strike at web frame, 150 bow

rake on striking ship; (2) 1" mild steel sin-le shell, strike between

web frames, 150 bow rake on striking ship; (3) 1-3/8" mild steel single

shell, strike between webs, 150 bow rake. The energy absorption attributed

to elastic deformation of the overall ship was found to be negligible.
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2.2.4 Conclusions

The conclusions to be drawn from the elastic energy absorption

analyses described herein are limited by the assumptions made with regard to

the separate calculation of plastic and elastic energies, by the simplifications

incorporated In the dynamic analysis computer program, and by the structural

characteristics of the tanker that was chosen to represent the struck ship.

Nevertheless, the evidence seems very substantial that the collision energy

absorbed in elastic deformations of overall ship structure will be negligible

compared to plastic energy absorpticn for all practical collision situations.

It should be noted, however, that the plastic energies used in the elastic

energy analyses corresponded to those determined by a preliminary form of

the plastic analysis. The plastic analysis presented in this report predicts

much greater plastic energies and therefore larger structural resistance forces.

It is felt, however, that the ratio of elastic to plastic energy will remain

approximately the same or decrease if the present plastic analysis is

Incorporated. Therefore elastic energy absorption should still be neglicible.

2.3 Rigid Body Motion Energy Analysis

2.3.1 General

The energy absorption occurring in rigid body m3tion of the

struck ship (Figure 2-1) Includes: (1) the energy absorbed by the resistance

of the struck ship's inertia to motion, (2) and the energy absorbed by the

hydrodynamic resistance to motion of the struck ship. An objective of this

investigation was to determine the significance of the rigid body motion

in a minor collision analysis process.
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2.3.2 Approach and Calculation Results

Two separate sets of calculations were made In determining

the effect of rigid body motion In a tanker collision. Both calculations

were performed with the application of the slam analysis computer program.

The first calculat!ons determined the energy absorption

due to overcoming the struck ship's inertia and hydrodynamic resistance

for a T-2 tanker colliding with a 120,000 DWT tanker (1-3/8" MS single shell,

0struck between webs, 15 bow rake). The force-time history used was

representative of a linear force-penetratton relationship with a maximum

force of 900 tons and a penetration of 3 feet. A summary of the calculation

is included in Table B-1 of Appendix B, which shows that the energy absorbed

in overcoming the struck ship's inertia and hydrodynamic resistance can be

significant (approximately 10% in the case shown In Table B-1) when compared

with the overall energy absorption in a minor ship collision.

The second set of calculations were made for evaluating

the yaw tendency of the struck ship during a minor collision. The rigid

body motions, for both a 150,000-tons-displacement and a 20,000-tons-

displacement ship were determined when the ships were subjected to three

separate impacts at three locations along their length. The force-time

history used was representative of a linear force-penetration relationship

(see Figure 2-3) with a maximum force of 1000 tons and durations of 2, 3,

and 4* seconds. The points of application were midships, the forward quarter

point and the bow. The results of the calculations are summarized In Table 2-2

in terms of the velocities and lateral movement of various points along the

length of the struck ship. The bow and stern displacements were used to
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calculate the yaw angles of the struck ship. The amount of rotation (yawing)

resulting from a minor collision at the forward portion of a ship's hull,
for ships between 20,000-tons and 150,000-tons-displacement, is relatively

small at the time the collision force Is terminated. When the four-second

collision force is applied to the bow of the 20,000-ton ship, the resulting

yaw angle is about 4 degrees. The same force and location produce a yaw

angle of less than I degree for the 150,000-ton ship.

2.3.3 Conclusions

Based on the calculation results described, it is concluded

that rigid body motion energy absorption during a minor collision can be

significant. This energy Is not considered elsewhere in this report because

it should not affect the structural energy absorption. Also, the yaw motions

app-ar to be small.
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TABLE 2-2

YAW 'icNDENCY CALCULATION

20,000- ON DISPLACEMENT SHIP

Collision Collision Duration

-Location
2 Sec. 3 Sec. 4 Sec.

Midship, v(L f -'.- 1.23 1.81 2.35
L \sec.

2 (ft.)4 1.24 2.73 4.88L L

V(L 2.26 3.33 4.32

d(bow) - d(stern) 4.61 0.30 13.00

d(j) 2.28 5.09 8.95

Bow v(bow) 5.43 7.96 10.30

d(bow) - d(stern) 9.62 20.60 36.10

d(bow) 5.48 12.20 21.40

YAW ANGLE (DEGREE) 1.04 2.33 4.12

150,000-TON DISPLACEMFtJT SHIP

Midship, V( 0.206 0.303 0.386
L

dL 0.208 0.464 0.815

. v L 0.378 0.556 0.722

d(bow) - d(stern) 0.770 1.710 7.000

d( 0.381 o.850 1.490

Bow v(bow) 0.792 1.260 1.680 o

d(bow) - d(stern) 1.550 3.440 6.030

d(bow) 0.920 2.040 3.580

SYAW ANGLE (DEGREE) 0.10 0.20 0.35

• v - velocity at termination of collision

•* d - distance traveled at termination of collision
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2.4 Basic Theories of Inelastic Phenomena

2.4.1 General

The theoretical background for the plastic energy analysis

of the ship-side-collision consists of a suitable arrangement of eszab-

lished principies and equations of structural engineering. The plastic

theories involved in this analysis are described below.

2.4.2 Theories for ?lastic Bending

2.4.2.1 Rotation at Stationary Plastic Hinges

The rotation capacity at a plastic hinge, that is,

a location of plastic bending in a beam, Is a measure of the ability of a

member to sustain plastic hinge rotation without local buckling or rupture.

Based on strain-hardening limitations only (i.e. no buckling or rupture) and

neglecting any membrane forces, the expression (,o) r the rotation

capacity at a plastic hinge is

ep = k -MRL (2-1)
El

where ki=(l- M [-)s (- - 1)1 (2-2)

and where E = modulus of elasticity; I = moment of inertia; L = distance

between the locations of zero bending moment on the two sides of a plastic

hinge or distance between the location of zero bending moment and a fixed

support at which a plastic hinge occurs; Mp a plastic bending moment;

Ho - maximum moment; s - ratio of the strain at onset of strain hardening,

Csh, to the yield strain, oy/E; ay M yield stress; h - E/Et; and Et =

tangent modulus. For calculating Op at the load point at the center of a

span, L is the span length if the span ends are simply supported or L is

one-half the span length if the span ends are fixed. For calculating ep

at the end of a centrally loaded end span, L is one-fourth the span length.
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if the steel ruptures before buckling, Mp /M _ .
u

were u Is the tensile stress. Then, equation (2-2) becomes

k - A ) s + B( 2E (2-3)

where the constants A (1 - ay / ) and B - (a u/a - 1). This is not common

for tank ship stiffeners.

For angle stiffeners of tank ships, buckling will generally

occur before strain-hardening relative to rotation capacity. Based on

some tests, it was hypothesized (1) that a "compact" (as defined by AISC)(13)

flange in compression will form a plastic local buckle in a region of moment

gradient when the yielded length L equals or exceeds the theoretical plastic-Y

local-'-,-rkle wave length X, which is

bt A

w Af

where b is the total width of flange (two times one flange projection,

measured from the center of the stiffener web), t is the flange thickness,

Af is b times t, w is the web thickness, and Aw is the web area. For the

analysis to be generally applicable to "compact," "non-compact," and "extra-
compact" sections, an examination of some test data(12') indicated that

it would be reasonable to multiply eac of the values

M VL1 - ---P- - X (2-4)
- VL + Moy p

and

_0  Y (2-5)

p 
p

by a compactness factor

52.2 t
0. 5b/7

y

2-15



where V is the shear in the region between M and M° and a is the yield

strength. For a distance L'/2 (see Section 3.4.2) from a point of zero

moment to a plastic hinge, the approximation may be made that M - VW/2.
p

Then, the expressions for A and B in equation (2-3) become

2L a
A- 1 i 52.2 t <( ---- ) (2-6)

2L + L' .5brv' ay y u

2L a
VO. 5b[7- - Oy(-7

y

For exactly compact sections, the compactness factor Is 1.0.

2.4.2.2 Energy Absorbed in a Traveling Yielded Zone during an

Oblique Collision

The two longitudinal force components occurring at the locat!on

of the strike during an oblique collision are the friction force between the

ships and the resistance to the traveling plastic hinge (yielded zone)

(see Figure 3-5) that is associated with the plastic energy absorbed in

forming a bend angle in the struck hull. Thus, the latter force adds to the

plastic energy. A theoretical evaluation of the longitudinal resistant force

of the stiffened plates due to the occurrence of the traveling plastic hinge I

can be made by equating (1) the plastic energy consumed in bending and then

straightening a given length, L, of the stiffened plates to (2) the product

of L times the unknown longitudinal resistance force.

2
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Within a square Inch of a plate with a thickness t, yield stress
G and yield strain C (Figure 2-4), the plastic energy consumed In cylindrical

bending to a maximum strain C Sm Is, neglecting strain hardening.

aC m " ( )2

m

Multiplying this expr6ssin by 2 to include the plastic energy consumed In

straightening, and substituting cy U a /E and C - 0.5t/R, where E is the
y y m

modules of elasticity and R is the maximum midplane radius of bending,

results In a total plastic energy which is eq4ual to the longitudinal resisting

force, FR, per Inch of plate width. That is,

a t2  aR
F Y (1 - X - )2 (2-3)

2R 0.5Et

where the subscript R (for F) corresponds to radius R. Thus, the resisting

force is a function of the plate thickness, yield strength and the maximum

radius of bend.

For a plate acting monolithically with a longitudinal angle or

tee-shaped stiffener, the evaluation of FR is more complex, although the

basic theory Is the same. The unknown depth, d', from the neutral axis of

pure bending to the outer fiber of the stiffener. w.ich is strained at

Cm d ' can be determined from equating to zero the forces on the cross-

section; oy occurs where c y_ cm, but the stress Is 3roportional to the

strain where c < c . Plastic straining will occur nly within a depth

(from the outer fiber of the stiffener) of

d'(1 - ---.-- )
m

Consequently, the portion of FR due to plastic straining of the stiffener

web (thickness t ) is obtained by substi'.uting d' - 0.5t and multiplying

Equation (2-8) by t w/2, giving

a y(d) 2 t w  a . R )2

R dE
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The portion of FR due to plastic straining of the remaining portion

(width b - tw, thickness of the stiffener flange is
d' - 0.5tf a

a yt f(b - t W) ( R E )

Thus, corresponding to one longitudinal stiffener, the theoretical longitudinal

resisting force is

FR - Idt(1 ---( + tf(b - t )( - O5 - -" ) 1(2-9)

For an approximate evaluation of FRP d' may be assumed to be equal to the depth

of the stiffener.

Finally, the plastic energy associated with FR is FR times the

lon.citudinal length of the portion of the hull tha* is traversed by the strike.

2.4.3 Theory for Plastic Membrane Tension

2.4.3.1 Apparent Ductility for Membrane Straining

Although it has been observed for ABS steels that the

elongation, at rupture, within a 2-inch gage length Is typically as much

as 32 percent, the high point of the stfei-.-strain curve, after which the

steel starts to unload, is typically only about 10 percent, see Fig. 2-2. Thus, when

a large port'on of the steel is strained at about 10 percent, some critical

portion is likely to be unloading, perhaps rapidly. Therefore, it is

realistic to assume that the useful ductility for membrane straining is only

0.10 (2-10)r32

where D is the tension-test ductility.

2-19



2.4.3.2 Relation Between Bend Angle and Apparent Maximum Strain

As developed In relation to the component structures tests,

Section 6, an equation relating the maximum combined bending plus membrane-

tension strain at hull rupture, em, to the bend angle, Is

4 a,
S= Ou - O'cos 0n sin 0ntan 'n (2-11)

where a' = 0.5(a u + Oy) and OnIS one half the critical bend angle (see

Figure 2-5) at which rupture will occur.

The results of the component structure tests, Section 6,

indicate that (1) the limitations implied by this equation need only to be

considered for bend angles in the hull at web frames or transverse bulkheads

away from the strike (the limitations would apply at the strike only for a

strike by a very sharp object, sharper than a conventional bow), and (2) it

is reasonable In this equation to assumee = 1.5 D, where D is the tensile-m

test ductility. 7-.fk value of e does not apply toem.

2.4.3.3 Membrane Stretching

When a straight-line portion of a plate (or stiffened plate)

of original length L stretches so that one end of the straight-line portion

moves laterally a distance 6 without a shortening of projected distance L,

the new length of the plate Is (L2 + 62)4. Using the first two terms of

the binomial series, the difference between the new length and the original

length can be expressed as
e=(.+62162
(L2 +62) - 2L (2-12)

However, if the projected distance L shortens, by moving longitudinally,

e also shortens by approximately the same amount.
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2.4.4 Theories for Inelastic Shearing

2.4.4.1 Energy of In-Plane Shearing

A summary is given In a Column Research Council

publication (15) of a theory for tension-field action resisting shear in

thin webs of stiffened plate girders, following elastic shear buckling.

The governing assumption is that the flanges are so flexible that all of the

tension is "anchored" at the transverse stiffeners and none is anchored at

the flanges. The extension of this theory to obtain general expressions for

the plastic energy of in-plane shearing is shown In Section 3.

2.4.4.2 Energy of Normal-to-Plane Shearing

A series of tests (i6) indicated that the force

required to shear a hot-rolled steel plate is the area sheared times an

average stress equal to 73.5 percent of the maximum shearing strength.

The work expended in shearing the plate is 35 percent of this force times

the plate thickness (see Section 3).
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3COLION ANALYSIS PROCEDURE

3.1 General

The Collision Analysis Procedure described below generally relates

to plastic deformation of structure only. As discussed in Section 2, the

energy absorption involved in local elastic deformations and in the overall

elastic vibratory response to the collision "impact" Is negligible compared

with the plastic energy. Also, it was confirmed that the rigid body motion

of the struck and striking ship together is small during the minor collision

process (as also observed in actual collisions) regardless of where the ship

Is struck, with the result that the associate~d energy absorption Is negligible.

The general assumptions of the Collision Analysis Procedure will beI given In Section 3.2. These assumptions and the plastic energy analyses

theories of Section 2 form the foundation of the Procedure.

The Collision Analysis Procedure is summarized in Sections 3.3 and 3.14.

A step-by-step calculation-oriented version of the Procedure is contained in

(17)

a primer (1)published as a separate report.

3.2 Assumptions

Because the dynamics of ship collisions are quite complex, a few

reasonable simplifying assumptions must be made to keep the analysis

tractable and to isolate the most important parameters that determine to

what extent a ship can successfully resist hull rupture during a minor

collision. However, th~s does not mean that each is completely proven.
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In fact, some of the assumptions stated herein have changed considerably

from those made at the beginning of the study in light of collision

Inspections, testing and sample calculations. In consideration of this,

the recommendations given at the end of the report outline further analyses

and testing to more fully evaluate the assumptions.

Some assumptions regarding membrane tension analyses have been

Included in the section describing these, Section 3.4.3, Instead of below,

for convenience.

3.2.1 Overall Behavior of Colliding Ships

1. The most significant measure of Incursion resistance

without hull rupture is the capacity for absorbing plastic energy as

indicated in Section 2. The collision is conceived as any inelastic (or

plastic) Impact -- that is, one in which the striking and struck bodies

remain together after the impact. The energy " 0lost" during the collision,

which is the plastic energy absorbed by the struck ship distortion, Is

therefore a function of the ship masses (including virtual masses of the

water), the initial bearings, and velocities.

2. Throughout the analysis, the bow of the striking ship Is

considered Infinitely stiff. This was accepted as a conservative

assumption, based on the belief that a non-rigid bow structure can increase

the total energy absorption In a minor ship collision due to energy

absorption in the striking ship. However, it is realized that the non-rigid

bow of a striking ship may distort In such a way as to provide a sharper

profile for puncturing the struck ship. This can result in a severe decrease

in the total energy absorption. The effect of such a distortion is discussed

3-2



further In Section 7. Inspections of actual collisions described in

Section 5 inflcate that striking bows may remain undistorted except where

they encounter stiff horizontal resistance at a deck or bilge area of the

struck ship.

3. The case of rigid sharp bow structure with the capability

of immediately cutting or punch-shearing the shell of the struck ship is

a special case and does not fit within the scope of this investigation.

4. The collision angle is assumed to remain constant throughout

the collision process, implying that the Inercia of each ship is so great

that neither ship rotates during the collision. This assumption has been

theoretically validated as described in Section 2 and is also consistent

with observed damaged profiles of actual ships as discussed In Section 5.

5. The bottom of the ship, the bilge strake, and the transverse

bulkheads do not buckle, yield, or rupture. The distortions occur in a

portion of the struck ship between two consecutive transverse bulkheads

and above the blolge strake. The damaged area may be equal to or less than

the area thus bounded (See Figure 3-1). This assumption therefore limits

the types of the collisions that can be analyzed with the Collision Analysis

Procedure presented below.

6. Dynamic structural effects are ignored, so that the analysis

corresponds to a static analysis. It is realized, however, that even in a

slow collision dynamic response of the structure to the striking force may

have a significant effect on the overall plastic deformation. This aspect

is discussed further in the recommendations outlined in Section 8.

7. Failure occurs when the plating of a cargo tank is ruptured.

8. The length of damage is the same for the deck, hull plate,

and all damaged longitudinals (Figure 3-1).

9. Glancing blow collisions are not considered.
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3.2.2. Basic Assumptions

On the basis of the observations and analyses of actual

collision damage and the component-structure model tests, the basic

assumptions given below were applied to the analysis procedure.

3.2.2.1 Modes of Failure

1. Plastic-bending and membrane-tension phases of

the structural behavior of the longitudinally stiffened plates are

considered separately, as illustrated in the force-deflection diagram,

Figure 3-2. Membrane tension Is not considered prior to stiffener buckling

%tripping) or rupture. If the stiffener flange ruptures, either during

the plastic-bending phase or at the end of the membrane-tension phase,

the rupture is assumed to continue through the stiffener and attached plate.

After stiffener buckling (tripping) only, the stiffened plates are assumed

to immediately unload in bending but reload In membrane tension. Evidence

of this mode of behavior has been observed in the inspection of several

actual collisions.

2. Once a rupture is initiated, it will propagate

thrrughout the stiffened hull plating to the extent determined by the

incursion of the strikinS ship, regardless of whether the fracture Is

brittle or ductile. The oniy difference assumed between ductile and

brittle fractures in a single-shell ship is that a relatively minor energy

is absorbed in the propagation of a ductile failure but none in the

propagation of a brittle failure. In a double-shell ship, it is presumed

that details of the ship construction will arrest the progress of the cracking

so that a ductile rupture will not spread from the outer hull to the inner

hull; the striking bow must engage the inner hull before it can rupture.
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3. It is assumed that the deck may easily rip

away from the web frames, so that the deformed portion of the deck may

always be assumed to appear as an inverted V in the deck plan. Ductile-

tearing energy is neglected in the ripping of the stiffened deck plate

from the web frames.

4. A combination of membrane-tension straining

and bending, which results in the limitation of the bend angle as discussed

in Section 2.4.3.2, needs to be considered during the membrane-tension

phase only at bend angles in the stiffened hull at web frames or

transverse bulkheads away from the strike. Although the total bend angle

at the strike is greater, it gtnerally is not critical because the

curvature there is moderate, corresponding to the horizontal curvature

of the stem if the stri'ing bow. Equation 2-11, Section 2.4.3.2, relates

the critical bend angle to the materia; strength and ductility parameters.

3.2.2.2 Models of Hull Structure

1. Behavior and rupturing of the outer shell,

inner shell, and deck are each considered separately, and it is assumed

that rupture in one is not automatically propagated to another.

2. It is assumed that the transverse bulkheads

act as longitudinally fixed restraints for the longitudinally stiffened

plates loaded in membrane tension. This behavior has been observed

during inspections of actual collisions. The short distances transverse

bulkheads move toward the transverse plane of the strike are equai

to the distance to the plane of the strike times the longitudinal

compressions strain c that results from elastic bending of the entire

ship cross-section. These movements are neglected since this compression
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straining is always much less than the plastic elongation.

3. Where web frames are yielded, buckle6, or

otherwise permanently distorted in the transverse direction, they do

rot act as longitudinally fixed restraints, and longitudinal forces

and strains on either side of a distorted web frame tend to be nearly

equal (see Section 3.4.3.2). This behavior has been observed during

the component structures test described in Section 6. Conversely,

where web frames are not distorted transversely, they are assumed

to be longitudinally fixed restraints, and they (and/or one or two

transverse bulkheads) bound the damaged length (the length over which

the hull is distorted transversely).

4. If the top of the striking bow is above

the deck of the struck ship, the struck deck forms a series of low-

pitch longitudinal folds, Figure 3-1, "gathered" at the location of

maximum incursion and extending over a length equal to the damaged

length of the hull; any deck failure is by transverse rupturing

resulting from longitudinal membrane tension. This behavior has

been observed during actual collision inspections.

5. Both the iongitudinally stiffened side plates

and deck plates are considered to be assemblies of independently acting

"T-beams," with each T-beam consisting of one longitudinal stiffener

and the portion of the side plate with which it may be assumed to act

in structural unison. Generally, the dividing line between two

adjoining T-beams is halfway between the stiffeners.

6. With a vertical striking bow, a vertical i.icursion

is assumed. The transverse deflections of the stiffened hull may be assumed

to vary linearly from the elevation of the forefoot of the striking bow down

to zero at the bilge strake of the struck ship (see Figure 3-1).
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7. With a raked striking bow, a sloping Incursion

identical to the outline of the striking bow is assumed (see Figure 3-1).

In addition, the Imprint of the damaged area will appear rectangular in side

elevation regardless of the number of web frame spaces damaged. It should

be noted that even though it is assumed the least stressed T-beam deflects

along the whole damaged length, the absolute value of the deflection will

be small enough to result in a small amount of energy absorption when

compared to the most highly strained T-beam.

8. If the top of the striking bow is belcw the deck

of the struck ship, the deck does not deform; then, the transverse distortion

of the struck hull varies linearly from zero at the deck elevatioa of the

struck ship to a maximum value at the elevation of the striking bow.

S. The transverse resisting force offered by a web

frame is assumed to be equal to the shearing capacity of the weh plate for

a strike in the plane of that web frame, or constant and equal to the set

of forces from the T-beams initially causing yielding or buckling of the web

frame for the web frames flanking the strike.

10. After a web frame starts to yield or buckle, the

resisting fcrce, Pf, offered by the web frame against 'he most highly

strained T-beam of the stiffened hull remains constant while the web frame

distorts transversely. The distorted coniguraLion of the web frame should

correspond to the vertical incursions of the vertical and raked striking bows

discussed in assumptions 6. and 7. above.

11. Plastic tensile strains equal to one half the strains

at the ends of the damaged length occur in the stiffened hull within the web-

frame space just beyond the damaged length, as disc:ussed in Section 6.
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12. For oblique collisions, plastic membrane-

tension strains occur In the stiffened hull only behind the strike (on

the acute-angle side of the strike) and not ahead of the strike (on the

obtuse-angle side of the strike). Over the longitudinal distance

traversed by the strike, the striking bow propagates in bending a

yielded zone longitudinally through the stiffened hull of the struck ship.

13. The collision angle differentlates between a

right-angle and an oblique collision and it determines the longitudinal

distance over which the bending yielded zone Is propagated through the

hull.

3.2.2.3 Material Properties

1. As discussed in Section 2.4.3.1,the steel

ductility, Vr , available before unloading during either the bending or

the merbrane-tenston phase is 0.10 In./in. strain for ABS steels (with a

tension-test ductility in a 2-1n. gage length of about 32 percent) or,

Equation 2-10,

0D
r a 32

for another steel with a tension-test ductility of 0 in a 2-in, gag*

length. This limitation applies to either maximum bending strains during

the bending phase only or to overal! stretching during the fembrane-

tension phase (see Section 6).

2. During either the bending phase or the membrane-

tension phase, the value of longitudinal stress, tension or compression in

the bending phase or tension in the membrane phase, in plastically deform-

ed portions of the stiffened hull plate is assumed to be (see section 6)
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0 + u

2 2 (3-1)

For an oblique strike, the damaged portion of the side-

shell ahead of the strike is assumed to be stressed elastically to a value

of one-half the stress in the plastically deformed areas or:

a +
E (3-2)

This is based on the judgement that in an

oblique collision the extent of the damaged length ahead of the strike

may typically be only roughly one-half of the extent of the damaged

length behind the strike. (The procedure outlined in Section 3.4.3.2 would

lead to an observation that the extent of damage on each side of a strike

wouli be roughly proportiial to the membrane tension thrust on that side.)

3. The ductile-tearing energy is assumed to be 1000 foot-

pounds-per-square-inch, itMich is roughly the "shelf" (top portion of transition
(18)curve) energy for A36 and ABS-C steels No ductile-tearing energy is

assigned for components at a temperature below the transition temperature

for the steel.

3.3 Collision Phenomena

3.3.1 General

The lading will escape from a single-shell ship when the

hull rupt'ires. For a double-shell ship the inner shell must also ruoture

before the lading escapes. The analyses presented in this Section r.-late

to the forces, distortions, and plastic energy absorbed in the structure up

to the incidence of hull rupture that results in the escape of the lading.
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The mathematical model assumed for analyzing the structural

behavior of a struck ship primarily in,'Ives three phenomena producing

lastic distortions: (1) longitudinal plastic bending of the stiffened

hull plating, (2) plastic membrane tension in the stiffened hull and deck

plating, and (3) yielding or buckling o€ the web frames.

As stated above It is convenient to analyze the stiffened

hull of the struck ship as a series of independent longitudinal T-beams,

each consisting of one longitudinal stiffener and the portion of hull

plating that may be assumed to act monolithically with that stiffener.

Furthermore, it is convenient to perform a stress-and-strain analysis for

only the most highly strained T-beam and to assume that the ratio of the

transverse deflection, plastic energy, or interacting force (on a web

frame' of any particular T-beam to that of the most highly strained

T-beam is equal to some proportion determined by the incursion. The deck

is also conveniently considered to be divided into longitudinally extend-

ing T-beams for the analysis of membrane stretching of the damaged deck.

3.3.2 Sequence of Phenomena

The sequence of the possible phenomena, up to rupture of

the struck ship sideshell, is outlined in the flow diagram of Figure 3-3

for a singie shell ship. For a double shell ship the phenomena are similar

and presented later.

Initially, the stiffened hull plating will distort in a

p;astlc bending phase, with plast!c "hinges" forming in tie vicinities

of the strike and the web frames flanking the strike. During this phase,

Insignificant membrane tension will be developed. For a typical tanker

with longitudinal angles stiffening the hull plating, the longitudinal

angle-shaped stiffeners will then buckle in the vicinity of the flanking
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Longitudinal Plastic Bending

,,of Stiffened Hull Plates

Options

(1) Rupture of Stiffened Hull Plat
(starting In outer leg of stiffei,.r)

(2) Buckling of a Longitudinal Stiffener

(3) Web Frames Flanking the Strike Yield
or Buckle

Option (1) 1Optio (2) -(nO klYption()'

kLikely for bar J t i

stiffeners but Stiffened Hull Plktes With Constant Resisting
unlikely for •Unload In Bending and Forces From Web Frames as
angle stiffeners) Immediately Reload In They Yield or Buckle,

i Plastic Membrane Tension Stiffened Hull Plates
Continue to Bend Plastically

Options for Subsequent Options for Subsequent
Gross Movement Gross Movement

(4) Rupture of Stiffened Hull (6) Rupture of Stiffened
Plate (starting in outer Hull Plate
leg of stiffener) 7) Buckling of a

(5) Web Frames Flanking the Longitudinal Stiffener
Strike Yield or Buckle

option () ptin () ption (6) 0ptlon (7)

With Constant Re:isting
Forces From Web Frames -

as They Yield or Buckle, IPlastic Membrane
Stiffened Hull Plates Tension Until
Continue to Strain in IRupture
Plastic Membrane Tension
Until Rupture

Spread of Rupture Over Stiffened Hull Plate

FIGURE 3-3 Macro Flow Diagram for Side-Collision
Plastic-Energy Analysis

for a Single Shell Ship
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web frames, and possibly "trip" in the vicinity of the strike. Subsequently,

the stiffened hull will unload momentarily as the strike continues, but

will reload in a membrane-tension phase. The hull will rupture at the end

of this phase, with possibly the flanking web frames yielding or buckling

before the hull ruptures. In such cases, the membrane-tension phase is

divided into two subphases respectively: (1) there is no transverse movement

of the web frcmes flanking the strike and (2) the web frames flanking the

strike move inward toward the ship's c-nterline and the damage extends Into

the adjacent web frame spaces. During these phases, the deck is also

distorting in membrane tension. However, as discussed in Section 3,2.2.2,

the deck behavior is presumed not to affect the sequences of the options

listed in Figure 3-3.

As indicated in Figure 3-3, other sequences of phenomena are

possible. A hull with longitudinal stiffeners such as rectangular bars that

are not apt to buckle or trip, will tend to rupture before significant

$membrane tension has a chance to develop. Alternative!y, with any type of

hull stiffeners, very weak web frames could conceivably yield or buckle

before rupture or buckling of the longitudinal stiffeners, in which case

the damaged length woul increase during the bending phase. These phenomena

would be unlikely, however, for typical ships.

3.3.3 Strike by a Raked Bow

For a strike bv a raked bow, the most highly strained T-beam

in the struck stiffened hull is the one nearest to the elevation of the top

of the striking bow, Figure 3-1. The transverse deflections of the T-beams

and any web frames that are deformed transversely are assumed to vary linearly

from the elevation of the most highly strained T-beam down to zero at the

elevation of the lower limit of the incursion by the striking bow as discussed
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in Section 3.2.2.2. This means that (1) the elevation view of the "imprint"

evidencing the transverse distortion of the stiffened hull will be rectangular,

as indicated in Figure 3-1 (rather than triangular); and (2) as an incursion

by a raked bow increases, the vertical dimension of the imprint becomes

greater, with proportionately more T-beams being distorted transversely.

3.3.4 Strike by a Vertical Bow

All T-beams struck by the vertical portion of a vertical

bow will tend to be equally strained. The one T-beam that by Inspection

is deemed most highly stressed is analyzed, and the other T-beams

are assumed to deflect transversely by the same amount. Transverse de-

flections of the stiffened hull may be assumed to vary linearly from the

elevation of the forefoot of the striking bow down to zero at the bilge

strake of the struck ship, Figure 3-1, as discussed in Section 3.2.2.2.

3.4 Plastic Analysis

3.4.1 General

The procedures for analyzing the most highly strained T-beam

will be presented below. As discussed in Section 3.3.1 for other T-beams,

the rat;o of Incursions at each can be used to determine forces and

plastic energy absorptions pertaining to those T-beams.

Also, as discussed in Section 3.3.1, the plastic analysis

consists of three phenomena, namely longitudinal plastic bending of the

stiffened hull plating, plastic membrane tension in the stiffened hull

plating and deck, and yielding or buckling of the web frames. These

three phenomena will be discussed separately below.
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3.4.2 Longitudinal Plastic Bending

The basic analysis for the bending phase, assuming no

lateral movement of the web frames flanking the strike, is summarized in

Figure 3-4. As in conventional plastic bending analysis, the T-beam

shown In the sketch in Figure 3-4 Is assumed to deflect as straight-line

segments extending between plastic hinges. In the analyses herein the

location of the maximum incursion during the bending phase is assumed

to be the same as at the end of tie membrane-tension phase -- even for

oblique collisions, for simplicity.

As described in Section 2.4.2.1, the rotation capacity of

a continuous beam subjected to a concentrated lateral load is, Equation 2-1,

ep= k-- LEl

As applied to the collision analysis, Figure 3-4, L is one-half the

span length between two consecutive web frames ifeP is the total

rotation at the plane of the strike; or,at the location of a supporting

web frame, L is considered to be L'/2 since there is a point of zero

bending moment at the center of the length L , where L extends from the

load to the nearest support. Assuming L=L/2is a lower-bound assumption

for computing ep at a supporting web frame because it corresponds to

a fixed end of the loaded span, as would only be provided by a web frame

resisting rotation of the stiffened hull plating. However, using that
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Ld =Assumed Damaged Length Lt

LLL La

Distortion at Incidence of bc

Buckling of Stiffener Flange -.

14ML = plastic moment of one tee-
0 k MI P' M beam unit.
P k 1~ = moment of inertia of

where one tee-beam unit.

r/sh ( IE E = modulus of elasticityk ALVO /E + B F2 )E t = tangent modulus

, C sh strain at onset of
21 - 52.2t :-ain hardening.

A =52.2t - L y yielded length of
L O. 5b/Ai stiffener flange.

= length of a flange

2L buckle wave.
52.2 " .5b width of outstanding leg

0.5bvay y of stiffener flange,
measured from center of
web.

Yielded Length Length of Buckle t =thickness of stiffener
flIange.w = thickness of stiffener

X(bt)(Aw web.i ~~ Ay=I=14 /k bt

= area of stiffener web.Plastic Bending Energy w

=~~~ 2M I " Y ul82M (+ L )/capacity

E Ebc energy corresponding to 6
6bc

Force From Strike

b b resistance of web frame directly]b 6 [ at strike (if present) J

FIGURE 3-4 RIGHT-ANGLE OR OBLIQUE COLLISION -- BENDING ANALYSIS

OF LONGITUDINALLY STIFFENED HULL PLATE FOR NO LATERAL

MOVEMENT OF WEB FRAMES FLANKING THE STRIKE
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assumption resulted In a fair correlation with the results of the

component structures tests. Furthermore, with that assumption, it is

generally not necessary to compute 6 at the plane of the strike.
p

Although the hull stiffeners tend to trip at the plane of the strike,

the stiffener flanges, which are in tension at that location may

rupture but will not buckle.

As shown in Figure 3-4, k becomes a formulation with two

parameters, A and B. If the plate ruptures before buckling, the right-

side expressions for A and B in Figure 3-4 govern. If the stiffener

buckles plastically without rupturing, A and B are represented by the

other (left-side) expressions in Figure 3-4, each being the product of

a factor employing the yielded length, Ly, and a "compactness" factor.

The expressions for plastic bending energy in Figure 3-4

include the plastic energy of the three plastic hinges. The external force

necessary to cause the plastic bending is a constant value, equal to the

plastic bending energy divided by the lateral deflection at the strike.

I
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3.4.3 Hull Sideshell Membrane Tension

3.4.3.1 General

The analyses of the membrane tension phase are

summarized in thc figures of this Section.

Rupture of the plate is assumed to occur when

the aailable steel ductility, £ , as defined by Equation 2-10 of Section

2.4.3.1, is exhausted or the critical bend angle is exceeded as defined

by Equation 2-11 of Section 2.4.3.2. Multiplying e by the length ofr
the portion of the damaged length of the stiffened hull plate that stretches

plastically (the entire damaged length for a right angle collision, but only

the portion of the damaged length behind the strike for an oblique collision)

gives the approximate limitation on the amount of total longitudinal stretching

within the damaged length that the steel can endure without rupturing.

The membrane-tension analyses described herein

are derived based on certain assumptions in addition to those given in

Section 3.2.2. These assumptions are as follows:

1. The stiffened hull is assumed to deflect in straight-line

segments between we6 frames.

-Intact hull plate
/

/

-- eb frane '--Deformed hull plate
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2. Small deflections are assumed so that tan 6 sin 0 P 6
fn n"

This allows the deflection of the hull plate 6 to be expressed in terms

of the distance between webs L, membrane tension T and strength of

the web frame Pwf

" wf fae

TT T 6Web frame

Pwf

,, T s n I L (3-3)

Pwf L  
(3-4)

P wf
and 0 =T(3-4a)

3. Referring to Section 2.43.3, Equation 2-12 expressed as

62

e = 2 (3-5)

is used the compute a hypothetical elongation of each straight-line

segment (of length L) of the deformation profile over the damaged length

of the stiffened hull, based on the hypothetical assumption that the distances

between web frames do not change; 6 is the transverse offset corresponding

to a length L. The web frames within the damaged length do actually move

longitudinally, but those at the ends of the damaged length do not move.

Although such longitudinal movements of web frames within the damaged length

affect the distortion geometry within each web frame space, the total

elongation of the sideshell over the damaged length is closely approximated

by summing, for all straight-line segments of the damaged sideshell, values

of e computed by Equation 3-5 as discussed above.
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4. Structural components of the hull can yield In only one mode at

a time. For example, in the case of a double shell hull, the web frames

between hulls cannot fail due to buckling and bending or shear simultaneously

when a force is applied to the outer hulls.

5. The membrane tension T in le sideshell varies as a second degree

parabola with the strain c as shown below. The vertex of the parabola is at

C max. This simplifying approximation, as derived from typical stress-strain

curves, is the basis for development of Figure 3-11.

T

Tmax

2nd Degree Parabola

r

Assumed Variation of T with e

However, in Section 3.2.2.3 it was noted that the value of

longitudinal stress in the plastically deformed structure, a', is

assumed to be constant so that the membrane tension should be likewise

unlike above. The reasons for this treatment of T are several. First,

typical stress-strain curves of structural steels indicate the variation

of stra.n in the inelastic range is proportionally much greater than

that of stress. In fact, the possibility of large variation in strain

was the reason for developing the analysis in Figure 3-11. Second, the

inelastic stress range of the steel may vary significantly from ship

to ship. Last, the average membrane stress assumed should account for

some of the variation in thrust. Thus it was determined that the

described treatment of the membrane tension would not result in

significant erro" and would aid in simplifying the analysis.
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6. In an oblique strike the forces acting at the strike are

described by the force polygon of Figure 3-5. The force required to

propagate a yielded zone, FR, is discussed In detail in Section 2.4.2.2.

3.4.3.2 Procedure

Figure 3-6 shows an overall view of the possible

collision conditions and damaged configurations that may occur.

Figure 3-7 gives the equations (based on Equations 3-1

and 3-5) necessary for the membrane-tension analysis of a most highly strained

T-beam when only one web frame space is damaged. The solution considers the

deflection at the termination of the bending phase.

Figures 3-8, 3-9, and 3-10 indicate in greater detail

the analysis steps that should in general be followed when more than one web

frame space is damaged and/or when the ship has a double hull.



N = Normal-to-struck-
Tension in length L / ship component of

T TArea( y U) // interaction force

/ , ---Arc tan of coef. of

6 friction. (assume 80-32'/ / for f = 0.15)

16 'Theoretical resultant
neglecting propagation

L of yielded zone

Ltc) tension in -Nomina

tension in length Theoretical resultant
assumed stressed considering propagation

L Friction of yielded zone

-FR- force required to propagate in bending a yielded zone
longitudinally through the stiffened hull plate

a d'__)('- _St ,R
[d -tW( + tf(b d -E)J

for one stiffened plate T-beam

oy = yield strength

d' - distance from neutral axis of inelastic bending to outer
fiber of stiffener# convenie.tly approximated as the
depth of stiffener

R- radius of bend at neutral axis of inelastic bending

tw  thickness of web of stiffener

tf thickness of flange of stiffener

b width of flange of stiffener

Z modulus of elasticity

FIGURE 3-5 POLYGON OF HORIZONTAL rORCES AT STRIKE POINT

IN OBLIQUE COLLISIONS
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Ld Assumed Damaged Length z Lt

tee-beam unit

- =-

End of bending E_

phase (stiffener L length of =
buckling) flanking span 6 = acity/ O" O.S(o_ 4e ) C=cpct

Actual D tensi e test - (at rupture
Assumed ductility 6 limited by 1.5 D -

4 _-_ _ sintanS

Deflection at Rupture 3 case/

For lateral deflection limited by overall stretching in membrane tension,

6 2LL"( 2tc Lt -r + L'c +Ld + 6bc

where

Dr  = 0. 0( 32 )

t = C for a right-angle collision with L' =L', zero for an
ogl~que collision, or a value determined from a statics-and-
compatibility analysis for a right-angle cnllision with L' L .

Average Membrane Tension Force Within the Yielded Portion

of thje edLength of One Tee-Bear,
(_._\

T+
T 42' A where c = yield strength and a = tensile strength2 y u

Membrane Tension Elongation

e* Lt (s2.a 216'c -- c < Lt ret = -t 2 _ LtcI =
2Li'. t Lr

Membrane Tension Plastic rnerqy (including energy in flanking spans)

Emt "Tet(l + Ls/Lt) for right angle collision or t = Tet(l 0.SL "L')

- for oblique collision
tan t

(For F. see force polygon, Figure 3-5 }|

Right-Angle Strike With L' V

6t :3 (Cr + tc I 62 t •  6 2 ceLt t

FIGURE 3-7 RIGHT-ANGLE OR OBLIQUE COLLISION MEMBRANE-TENSION

ANALYSIS OF STIFFENED HLL PLATE FOR 1O LATERAL

MOVEMENT OF WEB FRAMES FLANKIN6 THE STRIKE
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WEB FRAMES ACTING AS __ i

UNDISTORTED A VERTICAL BEAM DISTORTED CRIPPLED WEB FRAMES
WEB FRAMES IN BENDING OR SHEAR OR

COMPRESSION

FRAME WEB FRAMES

ANALYZE OUTER ANALYZE EACH ANALYZE EACH ANALYZE OUTER SHELL
SHELL AS A SHELL SEPARATELY SHELL SEPARATELY WITH WEB FRAMES AS
SINGLE SKIN BUT WITH BOTH WITH BOTH SHELLS FOR SINGLE SKIN
SHIP, IGNORING SHELLS DEFORMING DETORMING IN SHIP, IGNORING
INNER SHELL. IN UNISON. UNISON. INNER SHELL UNTIL

Outer Skin-n BOTH SHELLS MEET.

m __

AFTER RUPTURE AFTER BOTH SHELLS
OF OUTER SHELL, MEET ANALYZE EACH
ANALYZE INNER SHELL SEPARATELY
SHELL, IGNORING BUT WITH BOTH SHELLS
OUTER SHELL. DEFORMING IN UNISON.

DURING THiS PHASE
WEB FRAMES MAY OR
MAY NOT BE DEFORMED
DUE TO BENDING OR

n~ rL 
SHEAR.

Inner Skin

FIGURE 3-10 MACRO FLOW DIAGRAM FOR SIDE CCLLISION PLASTIC

ANALYSIS FOR A DOUBLE-SHELL SHIP
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Figure 3-8 gives the equations necessary for the

membrane-tension analysis of a most highly strained T-beam of a single

shell ship for varying number of web frame spaces damaged. The solution

ignores the bending phase as being relatively insignificant. The derivations

for the equations in Figure 3-8 are given in Figure 3-9.

An Inspection of Figure 3-8 will indicate that in

order to evaluate the web deflections, side elongation and energy absorption,

the total incursion, 6, the damaged length, Ld, and the average longitudinal

strain, e, throughout the damaged length must be determined first. Specific

methods for evaluating these quantities are not given in the figure, as there

may be several ways to do so. However, the total incursion, 6, may be

determined as shownfor example, in Figure 3-9 in terms of Pwf' T, L', L- and

L . The damaged length, Ld, can be determined by first assuming that only

one web frame space is damaged. Using the equations shown in Figure 3-6,

but ignoring c and 5bc (for convenience since these effects will be small),

determine the value of the striking force, Ptm' that would just result in

rupture. If the resulting Ptm causes reactions at either or both of the

frames that ire equal to or larger than Pwf' the web frames will yield,

and determining the number of web frames damaged on either side of the

strike will give the damaged length. More specifically,for a right angle

strike, a static analysis of the one web frame space will give:

T 6 T 66
t= (a- b) = T (- + ) (3-6)tm L'3
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The reaction forces at the flanking webs are then T-L left of the strike

6
and T- right of the strike in accordance with Figure 3-8. The web

frames can only resist a certain force before yielding, therefore by

dividing the lateral force to the left and to the right by the force

required to fail a web frame, Pwf' will give the number of web frames

damaged to the left and right respectively, when rounded downward to

the nearest integer. As a check, the damaged length must be such that

the least web frame deflection, Figure 3-8, is:

PL
6a orb Tws
m n

In the case of an oblique collision, only the damaged length behind the

strike is yielded. Then, as discussed in Section 3.2.2.3.2, the membrane

tension ahead of the strike, from Equation 3-2, is one-half that behind

the strike, from Equation 3-1. Therefore, for one web frame space:

T 6 Tb6

Ptm L "( +  (3-7)

6 6corresponding to reaction fc ,es T -C-- and T 2L"'

The average longitudinal strain, c. throughout

the damaged length can be determined by assuming, as a first approximation,

that over the entire damaged length the tensile strain in the critical T-beam

is a uniform value, cr, as indicated in Figure 3-8. Actually this value of

the strain occurs in the struck web frame space only. When more than one

web frame space is damaged, the membrane tension in the web frame space

at the strike is greater than in the web frame spaces beyond, and the

membrane tensions are least at the ends of the damaged length. This results

in some variation of strains in the stiffened hull over the damaged length.
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Such a difference in membrane tension results from considering the

static equilibrium of components of forces in the longitudinal direction

at angle changes in the stiffened hull occurring at the web frames 4

within the damaged length, as shown in Figure 3-11. After a membrane

tension solution is obtained with assumed straine r over all web frame

spaces, revised values of the hull strains within the individual spaces

between web frames can be determined by the general procedure suggested

in Figure 3-11. The average of the strains so determined in each

damaged web frame space is the average longitudinal strain, e, throughout

the damaged length. Then a more accurate solution would consist of

recalculating the lateral deflections based on revised values of the

strain to account for the strains being different in the different

web frame spaces. However, with the revised values of the strains

within the individual spaces, the first approximation (assuming Er

in all spaces) can be corrected by applying the factors "K!' indicated

in the expressions for plastic energy, Figure 3-8. Specifically, K
a

is the ratio of (1) the average value of tensile strain, c, over the

yielded portion of the damaged length to (2) er" Ke is the ratio

of (1) the strain in the spaces adjacent to the undistorted web frames

or bulkheads bounding the damaged length to (2) c r In computing

the strain just beyond the damaged length, the cosine in the denominator

of the expressikn in Figure 3-11 is 1.0.

As shown in Figure 3-11, membrane tensions vary inversely

with the cosine of the deformation angle, 1, because longitudinal components

of the hull membrane tension forces must balance at each web frame 
(Note
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the assumption that web frames do not offer any resistar in the longitudinal

direction is utilized here). The relationships between strains and deformation

angles result from that relationship and the assumed parabolic variation of

membrane tension with respect to strain, discussed in Section 3.4.3.1.

Figure 3-10 indicates the analysis steps that should

be followed for the double shell damage configurations listed in Figure 3-6.

If a structural configuration presents an unusual

case not covered by the t;qures, the principles of Section 3.4.3.1 should

be utilized to evaluate the case in question.

I
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Basic Assumptions

1. A solution based on an assumed variation of strain, E, in the
various web frame spaces has been obtaiied, so that values of

01, 02' and 03 are known.

2. The web frames within the damaged length offer no resistance
to longitudinal forces. Consequently,

Tl cos 01 = T2 cos 02 Tmax cos 03

from which

tcos 03 Jcos J
TC and T2 = Tmax os-4

Tmax k cos 01

3. T varies with t as a second degree parabola centered at fmax,
as indicated above. (This approximation is derived
from typical stress-strain curves.) Consequently,

max [ TmaxT

Resulting Equations for Strain

4 -E cos03 1
1 r [l r -i cos

f2 f ro 
1/2]

FIGURE 3-11 PROCEDURE FOR CHECKING THE HULL

MEMBRANE-TENSION STRAINS IN WEB-

FRAME SPACES BEYOND THE WEB-FRAME

SPACE(S) AT THE STRIKE
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3.4.4 Web-Frame Analysis

The analysis of a web frame flanking the strike is concerned
I

with evaluating the transverse forces from the deformed T-beams that result

in the incidence of yielding or buckling of the web frame and the plastic

energy absorbed by the web frame at the incidence of hull rupture.

3.4.4.1 Transverse Forces from T-Beams

Before the analyses in Figures3-8 or 3-10 can be

performed, the transverse force which causes the web frame to fail must be

evaluated. The portion of the force which is exerted by the most highly

strained T-beam is just one of the transverse forces exerted on the web frame

by the deformed T-beam units. Therefore, a closed form solution for Pwf is

not practical, and an iterative solution relating to assumptions 9 and 10 of

Section 3.2.2.2 Is suggested, consisting of the following steps:

I. Assume some incursion, preferably an incursion corresponding to

the most highly strained T-beam about to rupture. A second solution based

on the actual final incursion will likely be required for failure of web

frames during a strike by a raked bow, since the number of T-beams deformed

will change when the incursion changes, as discussed below.

2. Determine the corresponding transverse forces that each deformed

T-beam would exert on the two web frames flanking the strike.

3. Perform a strength analysis of the web frame as acted upon by the

transverse forces from all the deformed T-beams. If the analysis does not

indicate failure due to bending, shearing, or buckling, the web frame does

not fail for the given incursion.
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4. If the strength analysis does indicate failure due to bending, shearing,

or buckling, determine a single constant, Rm, by which each of the applied

transverse forces would have to be divided for the web frame just not to fail.

5. For a strike by a vertical bow or for horizontal crushing failure

n tne vicinity of the top of the incursion during a strike by a raked bow,

assume that Pwf is the original transverse force from the most highly strained

T-beam divided by Rm.m

6. For bending or shearing failure during a strike bi a raked bow, divide

the total of the original transverse forces from all the T-beams by R
m

to give a diminished total force. Then, determine a revised (lesser) incursion,

corresponding to a diminished height of collision imprint, Figure 3-1, and a

proportionately lesser number of hull T-beams damaged, that will result

in values of transverse forces giving the same diminished total force. In

this last set of transverse forces, thp. force exerted by the most highly

strained hull T-bezm is Pwf Approximately, Pwf may be calculated as

the original transverse force from the most highly strained T-beam

divided by R because, for the sloping incursion offered by a raked bow,

both the value of the transverse forces and the number of hull T-beam units

exerting transverse forces will tend to vary in proportion to the incursion.
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3.4.4.2 Details of Strength Analysis

The analyses of the web frames for strength include

evaluations of bending, shearing, and column strengths and resistances to

buckling. Conventional elastic frame analyses, with "effective widths" (19-22)

of the hull plates assumed to act as "flanges" are sufficient for computing

shearing and bending stresses, which are subsequently compared with the

limiting stresses that are equal to yield strengths or computed local buckling

stresses. One exception is that elastic web buckling in shear is not considered

to be a failure in a stiffened web but Instead implies merely a transition in

shear resistance from pure shearing action to "tension field" action.

Because of the stocky proportions typical of web frames,

initial web-frame failure may be merely the incidence of vertically extending

folds in the outer vertical web of the web frame, particularly if the web is

not well reinforced with horizontal stiffeners. !n analyzing such folding,

the web may effectively be considered to be several horizontal "columns,"

each consisting of a portion of the web plating and any attached horizontal

stiffeners, with "effective widths" of the web plating determined by

references (19-22)

3.4.4.3 Plastic Energy

3.4.4.3.1 General

The energy absorbed by any web frame during a collision

depends on whether the web frame maintains in-plane distortions, as is likely

when the web is well reinforced with horizontal stiffeners, or suffers vertically

extending folds after the incidence of yielding or buckling, as is likely when

the web is not reinforced with horizontal stiffeners.
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For in-plane distortions of web frames ith typical

stocky proportions, the energy of In-plane shearing is by far the most

significant, and the only bending energy is that absorbed in the "kinking"

of the flanges of the web frame, computed as the flange-plate plastic

bending moment multiplied by the angle chanqe at the kink line.

The energy absorbed in column buckling of horizontal

struts or in forming vertically extending folds in the webs is essentially

energy of plastic bending (rather than energy of axial distortion). For

any given element, this energy of plastic bencing is approximately equal

to the plastic bending moment of the element times the angle change through

which the element is bent. This energy is small and may be neglected.

A strength analysis of a web frame in the line u

strike in a right-angle collision is not required in the analysis of the

most highly strained T-beam. If the strucL, web frame is well reinforced

with horizontal stiffeners, it is logical to assume that the web frame suffers

only in-plane (in the plane of the web) displacements, and the total of the

forces exerted on the web frame can be approximated as the shearing force

in the web corresponding tc the maximum shearing distortion of the web as

determined from the geometry of the incursion. If the struck weu franw is

not well reinforced with horizontal stiffeners, the incidence of vertically

extending folds may be anticipated, and an analysis of the folding portion

as a series of horizontal "columns" as discussed above would give a more

realistic evaluation of the resisting forces.
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3.4.4.3.2 In-Plane Shearing Analysis of Each Panel

For a panel which is bounded by flanges

and a pair of transverse stiffeners and is subjected to a given in-plane

shear distortion Y (Y < ym where ym is the maximum capacity of shearing

strain of the panel), the critical elastic shear buckling stress 
Tcr is

[535 ()2] n2 Et2
r535 +_ for d/a < 1.0

Tcr" L a d 12(1.v2)a2

T [35+ 4 (,1) 1 E t 2
Tcr dfor d/a > 1.0

where a, d, and t are, respectively, the panel ,glt-,, depth, and thickness.

The plastic in-plane shearing energy is calculated

as follows:

(1) if Tcr < T y (where Ty is the shear yield stress): 2

The plastic shearing energy absorbed in the panel

(see Figures 3-12 and 3-13 for typical locations) is

Ep R (adt) (y-ye) (T + aty sin -Cos )

where 6 - tan 1 9]2

tan
Ru 1 - (plastic-range stress-to-yield ratio - 1.0)s d/a

Y Ye + Ye (total elastic shearin strain

T JR cr
1 r (Straining up to elastic shear buckling)

e

Y t (the additional elastic straining
• 29,000 (sin j- )(cos i.) up to tension-field yielding)

- maximum tension-field tensile stress
ty
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The total transverse shearing force in the panel at onset of yielding Is

V T r dt + at sin cos .-(t)(d-a tan - )

This value of V may be used in evaluating the web-frame shearing capacity.
p

(2) If Tcr > y

The plastic shearing energy absorbed in the

panel is

E =(adt) (y)Eos (at y 11,150 y

The total transverse shearing force in the

panel at onset of yielding is

V= T dt
p Y

This value of V may be used in evaluating the web-frame shearing capacity. *
p

3.4.5 Deck Analyses

Since the bow of the striking ship is assumed to be infinitely

stiff, the deck of the struck ship .nust distort radically if there is

appreciable incursion during the collision.

Inspections of actual collisions have shown that generally,

during a tanker collision, the deck of the struck ship forms a series of

small-pitch accordion folds extending in the longitudinal direction,

Figure 3-1, if the deck of the struck ship is below the top of the bow

cf the striking ship. Also, it has been observed that the damaged

deck is stretched horizontally in membrane tension over a length about

equal to the damaged length of the stiffened hull, with tensile ruptures

of the deck plating extending perpendicu!ar to the ship side.
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It is logical to assume that the deck is divided into

elements originally longitudinal (each may conveniently be considered

a deck stiffened-plate T-beam), which stretch horizontally in membrane

tension over a length equal to the damaged length of the stiffened

hull. Equation 3-5 may be used to evaluate the elongation of each

longitudinal element. The plastic energy of each element is its

total elongation times a mtA s, where As is its cross-sectional area.

3.4.6 Additional Considerations for Double-Shell Ships

"he plastic energy absorbed in a double-shell ship includes

the plastic energy of each shell at the time of its rupture, the plastic

energy of the deck when tibe second shell ruptures, any plastic energy

absorbed by the web frames up to the instant that the second shell

ruptures, and the ductile tearing energy associated with tensile rupture

of the outer hull plating if its temperature is above the transition

temperature for the steel. To assess the relative importance of such

ductile tearing of the outer hull, a nominal 1 kip-ft per square inch

of fracture may be assumed for the ductile tearing energy (it has been

found to be relatively insignificant compared with the other components

of plastic energy).
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4. Collision Analysis Parametric Study Results

4.1 General

The collision analysis parametric study consisted of the

numerical application of the plastic energy evaluation procedure described

in Section 3 to collision Incidents In which a 120,000 DWT tanker was

struck by a 20,000 tons displacement ship. The collision cases studied

were:

Case #1 1" Single Shell Ship-struck at right-angle by

a vertical stem ship, strike midspan between

bulkheads and webs

Case #2 a" Single Shell Ship -struck at right-angle by

a 150 raked bow ship, strike midspan between

bulkheads and webs

Case #3 1-3/14" Single Shell Ship -struck at right-angle

by a vertical stem ship, Ftrike midspan between

bulkheads and webs

Case #4 1-3/4" Single Shell Ship-struck at right-angle

by a 650 raked bow ship, strike midspan between

bulkheads and webs

ICase #5 1-3/4" Single Shell Ship -struck at oblique

angle by a vertical stem ship, strike midspan

between bulkheads and webs

Case #6 1" + 3/4" Double Shell Ship-struck at right--I

angle by a vertical stem ship, strike midspan

between bulKheads and webs
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The plastic energy absorption varies greatly depending on the

location of strike with respect to the location of the webs and bulkheads.

Therefore, a very approximate estimation (as described in Section 4.4) was

made for the energy absorbed In strikes at different points along the length

of the ship between bulkheads. This estimation was made by using the value

of the energy absorbed in a midspan strike as a reference.

The parent hull of the struck ship was the Newport News Shipbuilding

& Dry Dock Company 120,000 DWT CMX tanker design. This ship has longitudinal

framing. Figure 4-1 shows the Midship Section of the parent hull, and

Figures 4-2 and 4-3 show the modified single and double shell hulls used

in the calculations. The hulls were modified in order to simplify the

calculations.

The hulI was assumed to be of mild steel with the properties given

in Table 4-1. In comparison with mild steel, a high-strength steel has a

greater yi.ld strength but generally a lesser ductility. Since energy absorption

is approximately oroportional to the product of mass, strength, and ductility,

a ship with mild steel plating would be expected to have somewhat more energy

absorption capacity than a comparable ship with thinner high strength steel

plating.

Two bow shapes of the striking ship were assumed In the case studies:

(1) a T-2 tanker bow with a rake of 150 and (2) a similar bow with a

vertical stem. A sketch of these two bow shapes is shown in Figure 4-4.

4.2 Input Information

The information described below was requrrcd for the calculation of

olastic energy absorption for the case studies and was determined before

beginning the calculation procedure.
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Pit"

Table 14-1
MATERIAL PROPERTIES TYPICAL OF STEELSI
WITH YIELD POINT OF 35 KSI (MILD STEEL)

Yield Stroniy~

Deccy-_i ptj i C) Item a 35 ks;i

Tensile StrencjLh G 65 ksi

Stra i n-AUarcleni ng E: 0.0] 4 in ./in.
Strain

ModUl U of E 29,000 ksi.
Elasticity

Tangent tlodulus E 900 ks;i
t

Fztc'-r!; in 1] .6
EquciLion for- k 16.

Averagc Plas;Lic- (a y+ a )/2 50.0 ksi
Ratige Stress;U

Stross--to-Yield y + y/a, 14

Ra Li o

Shea.r Yield( 20.2 k';i

Di stor I ion fo), (
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4.2.1 Struck Ship

4.2.1.1 Configuration

1. The principal dimensions and draft of

the struck tanker.

2. The web frame spacing and the number of web

frame spaces between ,'wo consecutive transverse bulkheads.

3. The midship section (either Figure 4-2 or 4-3).

4. Material Properties.

4.2.1.2 Collision Condition

The energy absorption of the struck ship depends

on the collision condition which is described by the folicwing factors:

1. Angle of strike.

2. Location of strike - the location of strike

may be .idspan between the web frames and/or bulkheads,

off-midspan, or at a web frame or bulkhead.

4.2.2 Striking Ship

Only the bow configuration and the draft are needed in

the calculation.

4.3 Results of the Parametric Study

Calculations of plastic energy absorption were made for strikes

at midspan between webs and bulkheads. The detailed calculations of the

different collision cases are presented in another report (17 ) . The

values of the calculated energy absorption due to bending of the

sideshell, membrane tension in the sideshell, shearing of the web frames,

and membran'e tension in the deck, are summarized in Table 4-2.
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A review of Table 4-2 reveals the following ,esults:

1. In all six cases, the most significant contribution to the

total plastic energy absorption comes from the membrane tension energy

developed by the sideshell and the deck. It varies as a percentage of

total energy from about 88 to 98. Second to the membrane tension in

importance is the energy absorbed in shearing of the web frames.

2. The configuration of the bow of the striking ship has a

significant effect on energy absorption. By comparing the total energy

absorbed in case #1 with #2, and that in case #3 with #4, it can be seen

that the struck ship energy absorption when struck by a vertical bow is

twice that when struck by a raked bow. This significant difference in

energy absorption results from the difference in the vertical extent of

damage involved in the total deformation. A vertical bow can deform a

greater number of T-beams than can a raked bow even if the maximum

incursion is identical.

3. The total plastic energy absorptio is approximately proportional

ti shell thickness. This is deduced from comparing the energy absorbed in

cases #1 and #3, and the fact that the greatest energy-absorbing mechanism,

membrane tensioi in the sideshell, is directly proportional to plate thickness.

4. A comparison of energy absorbed between cases #3 and #5 shows

that the total energy absorption in an oblique collision is about 35% less

than that in a right-angle collision. The difference can be attributed to

the fact th.3t membrane tension is not develo.,ed ahead of the striking bow

in an oblique collision.

i
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5. In most of the collision cases considered, the damaged length

was equal to the bulkhead spacing. Had the bulkheads been further apart,

greater damage and energy absorption would have occurred.

6. A comparison of the energy absorption in cases #3 and #, for

a single shell and double shell hull respectively (with identical overall

side thicknesses), shows that the energy absorption capability of the

two ships is approximately equal and directly proportional to their T-beam

cross-sectional areas. It should be noted that the double shell hull web

frames distorted due to bending so that both shells deformed in membrane

tension in unison. If the web frames deform by crippling, with the result

that the outer shell deflects whie the inner does not unless the outer

e actually touches the inner, the energy absorption may be less for the double

shell hull when compared to the single shell. In the case of punching or

tearing action, where little energy absorption is involved, the double shell

is superior to the single shell since the inner shell may remain intact and

prevent leakage of the cargo after rupture of the outer shell.

4.4 Membrane Tension Energy for Arbitrary Strike Locations

The results described in Section 4.3 are all for strikes midspan

between webs and bulkheads.

Figure 4-5 displays the results of the energy absorptions in the

component structures tests described in Section 6. In these tests strikes

were made at different locations along a span supported by "webs" 'hat

simulated the resistances of transverse bulkheads. The figure indicates

the large changes in energy absorbed as the distance of the strike from

a test web frame is varied.
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In trying to extend these results to a collision case, it is

pertinent to (1) examine Figure 4-5 and (2) consider an approximate

hypothetical case of a damaged length extending over seven web frame

spaces, Figures 4-6 and 4-7. Comparison of Figure 4-5 to Figure 4-7

indicates that assuming a triangular variation of energy absorption with

strikes at different points along the length of the ship between bulkheads.,

is a reasonable assumption for a collision.
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5. COLLISION INSPECTIONS

5.1 General

Th, objectives of the inspect;o,s were to obtain first-hand

kr:uw';.-dge of the colhsion condition, the structural fa" ire mechanisms,

and extent of damage. The knowledge gained from the actual collisions

was to oe ir:orporated ir, the plAtic energy evaluation procedure as

judged desirable.

Although only 4ix cases of co!lisio.a damage were available for

inspection, the information gained W3s cons;derable. None cf the cases

involved an ocean tanker with minor or moderate dan,,ge, and none included

damage to horizontally stiffened web frames, which were of particular

interest for the formulation of the analysis procedure. The six collision

cases inspecte (the reports fo, which are published as a separate report(23))

were as follows:

1. Collision of a longitudinally stiffened ringle-hull barge with

concrete dolphin adjacent to railroad bridge pier ir. the Mississippi River

at Burlington, Iowa. Inspected on October 30, 1971, in Hartford, Illinois.

2. Collision of a longitud;nall, Framed double-hull barge for

compressed chlorine gas with piers on a dam on the Ohio River. Inspected

on May 17, 1972, in Louisville, Kentucky.

3. I:ollision between two transversely fran.'' -argo ships, the

Aegean Sea and "he C.E. Dant. The ships were inspe.td September 8, 1972,

in Victoria, British Columbia, and Seattle, Washington, respectively.

4. Collision between a tugboat and a longitudinall,, framed

sulphuric acid barge. Inspected October 24, 1972, in Ed~eiaore, Delaware.

pr eding page black
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5. Collision of a longitudinally framed double-hull chem -:a] barge

with d bridge pier inspected May 30, 1973, in Port Allen, Louisia- .

6. Collision between a longitudinally frarmid "anker, the Esso Brussels,

and a transversely framed containershto, the C.V. Sea Witch. The ships were

inspected Juaie 28, 1973, in Hoboken, New Jersey, and New York, New fork,

respectively.

5.2 Observations

5.2.1 Overall Extent of Damage

The longitudinal extent of damage appeared to 'e somewhat

limited in two collisions (Nos. 4 and 6), but to be of the general magnitude

expected of lorgitudinally framed ships in three other collisions (Neo. 1, 2,

and 5), although theoretical calculations were not made fir direct comparison.

Collision No. 3 was between two transversely framed ships; the apparent

"brit:ieness" of that particular collision in comparison with Collision

Nos. 1, 2, and 5 suggests that the damaged length and the extent of incursion

b.fore hull rupture will tend to be greater for a longitudinally framed ship

than for a comparable transversely framed ship. The limited extent of the

damage to the longitud n&lly-st!ffaned shell and outboard structure of

the struck ship (tanker) in ollision No. 6 may possibly be explained by thc

fact that it was an oblique collision, ar.d the portion of the hull behind

the strike, wher: lastic membrane tension strains may be expected to occur

in oblique ccllisirs, was rigidly supported during the initial stages of

the collison by a transverse bulkhead. The longitudinal bulkhead was also

ruptured and seemed to have developed membrane tension pr;or to rupture.
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"Hard points," such as the transverse bulkheads and/or stro.n

web frames that define the ends of the overall length of damage have a

sigr;fi~ant effect on ;imiting the plastic deformation of P sruck ship.

In most coliicions, there appears to be more of a tendency for ruptures to

,ccur at hard pcints before occurring at the imprint of the striking bow.

Considerably more plastic distortion is exhibited in a stiFfened

hull that is struck about midway between transvers o bulkheads than one that is

struck near to a transverse bulkhead.

The deck and the ship bottom seem to act ai "hard lines" in

resisting tide incursions, and ruptures generally occur ii the hull at the

deck and biliq elevaticns. This suggests that the strength of the Jck and

th! ship bottom in 'esisting side incursions may have a very significant

effect on r:ollision phenonena.

j~5.2.2 Longitudinally Stiffened Hull Viaes

At the locaticn of greatest ;ncursion by th striking slip,

the ,-".l longitudinal stiffene- of the struck 3h'p tend to trip and in

m.ny cases, there are rupture of the welds connecting Lhe stiffeners to

the hull plate. As a result, the bending strains in the stiffeners are not

as great as they would be if the stiffeners remained in their normal geometric

position. Consequent;y, large incursions are resisted primarily by membrane

tensior in the side 5iate and longitudinal stiffeners and not by bending.
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r.2.3 Deck or Bilge Areas

When the striking bow does not directly bear against a deck

or the bilge area of the struck ship, the deck or bilge area Is likely to

survive (without extensive damage) a significant incursion of the hull. If

the deck or bilge area is struck directly or If the struck hull is extensively

damaged, the deck or bilge area will tend to fall by first forming a series

of longitudinal folds (each typically only one or two feet deep) and

eventually forming transverce ruptures across the folds. Such transverse

ruptures indicate that ultim;,tely the primary strains in a discorted deck

or bilge atea are longitudin l membrane tension strains.

5.2.4 Transverse Ste~cture

The transverse structure of a longitudinally framed tanker

generally consists of transverse bulkheads and intermediate transverse web

frames. Generally, the transverse bulkheads do not suffer any significant

damage unless the striking ship has actually "plowed" through them. Conversely,

the transverse web systems are generally quite vulnerable to collisions. Web

trusses as opposed to web plates buckle under relatively minor side distortions,

without much overall straining. Web trusses between the outer and inner plating

of double-skin ships appear to be particularly ineffective in causing the two

piatings to distort in unison (or parallel) during a collision; web plates

appear to be more effective for causing the two hulls to distort in unison.

In single-skin tank barges vertical web plates without attached

horizontal stiffeners tend to fail in a crushing mode by developing vertical

folds. In larger single-skin ships vertical web frames with attached

horizontal stiffeners offer significant in-plane resistance to inward movement

of the hull and eventually will fail by rupturing and/or overall twisting rather

than by crushing.
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5.2.5 Oblique Collisions

In oblioue collisions the struck hull back of the strike

(shell area transversed by the striking bow) tends to be in nearly a single

flat plane. This indicates that the collision angle (the acute angle between

the centerlines of the colliding ships) tends to remain practically constant

during a collision. Whereas the hull in back of the strike generally appears

to be stretched fairly straight in membrare tension, the hull ahead of the

location of greatest incursion tends to develop vertical fo:ds. This indicates

that in an oblique collision it is ,,ost reasonable to assume plastic

longitudinal strains in the hull in back of but not ahead of the location

of maximum incursion.

5.2.6 Striking Bows

The striking bows generally are relatively undistorted except

where they encounter stiff horizontal resitance at a deck or bilge area of

the struck ship. At such elevations, the horizontal structure of the struck

ship tends to "knife through" the striking bow.

5.3 Conclusions

nalyses of the results of the six ships'collision Inspection cases

have brought forth the foliowing generalized conclusions:

(1) The bow of the striking ship distorts significantly only if

it encounters relatively stiff horizontal resistance at a deck or bilge.

(2) The longitudinal extent of damage is the same for the deck, shell

plate, and all damaged longitudinals.

(3) The energy absorption capacity of L longitudinally framed ship

is generally greater han that of a comoarable transversely framed ship.
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4) The longitudinal extent of dairage is likely to be restricted

between the transverse bulkheads and/or strong web frames.

(5) The deck and bilge area are "hard points" in resisting side

incursion unless the striking bow directly bears against them.

(6) The relative locatien of strike to the trarsverse bulkhead

has a significant effect on energy absorption.

(7) For a longitudinally stiffened hull, , colliion energy is

primarily absorbed by membrane tension in the sde oIe'i plate and

longitudinal stiffeners.

(8) For a double-skin struck ship, web plix -t are more effective

than web trusses for causing the two skins to distcrt. ' uriscn.

(9) In an oblique collision, the angle of collision rt-mains constant

throughout the collision.

00) For oblique collisions, plastic membrane-tension strains occur

in the portion of hull behind the strike.

(11) The damaged deck forms a series of small-pitch accordion folds

extending in the iongitudinal direction.

The above findings have provided useful information about tKe phenomena

of ship collisions that has aided in development of the collisio, analysis

theory as described in Section 2, and the procedure described in Sectiol 3.
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6. COMPONENT STRUCTI'RES TESTS

6.1 Purpose of the Tests

The purpose of the test program (24) was (I) to investigate

the validity of various assumptions used in predicting loads, stresses,

deflections, and strains prior to rupture in the sides oi ,dnkers,

(2) to evaluate the large-distortion behavior of flat-plate and

stiffened-plate structures which are typical of the side construction

9 of tankers, and (3) to verify the theoretical equations which were

developed to evaluate the force required to propagate a yi.cided zone

through a stiffened-plate.

6.2 Test Programs and Apparatus

Two sets of test programs were conducted at the U.S. Steel

Laboratory:

(1) Lateral Load Tests:

The first tests were c- "ducted to simulate a concentrated

static lateral load on reduced scale (approximately 1:5 scale) models

(Figure 6-1) of representative portions of the side of a typical

longitudinally framed tanker.

The setups for this test included plate specimens that

were end-bolted to a horizontal 10-ft by 2-ft box-shaped frame

(Figures 6-2, 6-3, and 6-4) and supported laterally by the frame

at the ends and also at intermediate locations which would correspond

to web frames in a ship. Six specimens each represented a mxodel of

a single stiffened-plate T-beam unit -- that is, a single angle-shaped

longitudinal stiffener and the portion of hull plate which is considered

to act compositely with the stiffener (Figure 6-1). Four specimens
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each represented the same portion of the hull plate but without a

stiffener attached. An external vertical box-shaped frame (Figure 6-4)

served as (i) the downward restraint on the jacking system applying

load to the specimen and (2) the upward restraint to the horizontal

supporting frame shown in Figure 6-2. Through the bolted connections

to the structural tees that were welded to the ends of each test

specimen, the horizontal test frame anchored the specimens so that

membrane tension could be realistically developed. Intermediate

lateral supports for each specimen consisted of two transverse 3-in-dia

round bars, 30 in. on center, that were, In turn, supported by the

central porticn of the box frame. Consequently, when positioned In

6-* 6'

..................... j-...1

0.9 0.0.900

1A/8' radius

Stiffened-Plate Specimen Flat-Plate Specimen

Plates Stiffeners

Yield Strength, ay, ksi 43.8 37.3

Tensile Strength, out ksi 67.2 51.5

Elongation in 2 Inches 32.5 37.0

* Corresponds to spacing of longitudinal stiffeners.

FIGIIRE 6-i Cross-Section of Test Specimens

6-2



IO '(O/o Tuias5)
_____o"__________-_________,- 0"

Jo* J0 30[

r5/2 r. ,," 71512 G500

t qv-J ... ._I___, 0... .

4 '___Inn
WC 25 PA

LOADIMA NOS&

wr -. . 7  -- .7 -. 5A47717

I.oi A'OA/D ' .u- B 0 , T sr'
I -'O -IAP.IA

FIGURE 6-2 Details of a Stiffened Specimen and

the Horizontal Restraining Frame

6-3 2 .



L

41

6-4 LA-



the test frame, a specimen simulated a portion of hull extending over

three web-frame spaces. Additionally, short pieces of tees, which

were notched to acconnodate the hull stiffener, separated each of the

six :tiffened-plate specimens and one flat-plate specimen from each

roller bearing (Figure 6-2). These simulated the support of traniverse

web frames. The other three flat-plate specimens were supported

directly by the roller bearings.

The specimen material, with the dimensions and material

properties given in Figure 6-1, was intended to represent an ABS steel

with a yield strength of about 35 ksi, a tensile strength of about 65 ksi,

and a ductility of 32 percent elongation in an 8-in gage length. In

tensions tests, the specimen material exhibited approximately this ductility

and somewhat greater strengths, except for the tensile strength of the

stiffener steel, which was considerably less.

Instrumentation for the tests consisted of longitudinally

oriented electric-resistance strain gages on the test specimens and

on the longitudinal beams of the horizontal supporting frame, direct-

current differential transformers (DCDT's) to measure lateral deflections,

and load cells to measure the applied jack loads (Figure 6-5). The number

within each circle in Figure 6-5 indicates the number of strain gages

at a particular Iccation. Where possible, a pair of strain gages was

placed on the top and bottom of the specimen plates, and on the bottom

of the stiffener flange, If present.
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In each test the load was applied in increments, varying

generally from about 0.5 to 6 kips, by the hydraulic jacking system

through a nose of the configuration Indicated by a symbol In Figure 6-5,

bearing transversely on the specimen plate. A 1-In-radius nose,

corresponding to a 5-in-radius bow of a full-size ship, was applied in

seven tests, represented in Figure 6-5 as a semicircle. In three tests,

a sharper, 90-deg-angle nose with a blunted (about 1/16-in) flat surface,

represented in Figure 6-5 as a triangle, was fitted between the specimen

and the rounded nose.

As indicated in Figure 6-5, in all tests except tests Nos. 4

and 9, the loading was increased monotonically at one station until

specimen failure or until the test was terminated. In tests Nos. 4 and 9

a stiffened-plate specimen was deflected increasing amounts along the

specimen at a succession of locations 3 in. apart to simulate the

progressive inward and longitudinal movement of a striking ship bow in

an oblique collision; there was no attempt to simulate the longitudinal

forces applied by a striking bow during a collision.

(2) Longitudinal Resistance to TravelinS Yield Zone Tests:

The second test was conducted to simulate the longitudinal

resistance of stiffened plates to the occurrence of a traveling yield

zone.

This second test wat accomplished with a strip friction

tester, Figure 6-6. When a thin sheet is pulled through a set of

lubricated flat dies, Figure 6-7, the tensile machine records a net pull

equal to F1, the sum of the friction forces on two surfaces, and the

pressure gage meastres the normal force, N1. From this, the "lubricated"

coefficient of friction is:
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When a thin sheet is pulled through a set of lubricated male-female dies,

Figure 6-8, the tensile macine rc ords a net pull equal to F2, which

is the sum of the friction forces and he longitudinal resistance force

FR to the traveling yield zone, and the pressure gage measures thp normal

force, N2. Thence:

EFR = r2 - 2N2a

where ZFR =F +FR + F , in which R1, R2, R3 .-orrespond to each, of 4

the three bend radii indicated in Figure 6-8.

Teits were made on five 24-gage (0.0239 inch thick) steel

strips with a 33.4-ksi yield point and five 28-gage (0.0151 inch thick)

steel strips with a 34.8-ksi yield point. All strips were 1 inches wide.

For each thickness, two differen~t strips were tested with flat dies and

three strips were tested with male-female dies. The normal firce

(r%csured by the pressure gage) was varied in Increments between 200

and 1200 Pounds, and the correspondinc vertical pull was recorded.

6-8
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Additionally, one 24-gage strip and one 28-gage strip were deformed

statically under normal forces varying from about 200 to about 400

pounds, and the resulting permanent curvatures were recorded

photographiclly (IOX). At each deformation, three radii of the

curvature as sitown in Figure 6-8 were determined from the photographic

records.

6.3 Experimental Results of Lateral Load Tests

6.3.1 General Behavior

The general behavior of the test specimens Is illustrated

by the load-deflection curves of Figure 6-9 (for a stiffened-plate

specimen) and Figure 6-10 (for a flat-plate specimen). During the first

one to three loading increments, the specimens all exhibited yielding

early, as predicted by the bending theory. The bending phase terminated

at a relatively small load. as indicated by the significant increase in

the slope of the load-deflection curve after the relatively flat portion

of the curve. However, much greater loads, deflections, and rotation

occurred during the subsequent membrane-tension phase before rupture.

(Orly test No. 7 was terminated before specimen rupture). Maximum

deflections, loads, and, for some tests, rotations are listed in Table 6-1.

During the membrane-tension phase, the profile of the loaded span was

V-shaped, Figure 6-3, even under the moving load, Figure 6-11, but

somewhat rounded at the supports and the load line. The stiffeners

tripped at midspan during the membrane-tension phase but at loads greater

than the loads causing bucklint at the supports.
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As listed in Table 6-1, all the stiffened-plate specimens

that were subjected to the 1-in-radius loading nose, ruptured adj'rent

to th- weld at a supporting web frame. These ruptures apparently

initiated In the hull plate. Of the two flat-plate specimens that were

subjected to the 1-in-radius loading, one specimen ruptured midway

between the load and a bearing, and test on the other specimen was

terminated before any rupture. The three specimens that were subjected

to the sharp right-angle bearing all ruptured under the load.

6.3.2 Prediction of Deflections

As Indicated in Figures 6-9 and 6-10, two different equations,

both assuming a V-shaped deflection profile, were examined for ptedicting,

app'axlmately, the load-deflection curve. in the dc ivation of the more

simple equation (6-1), the tension stress is assumed constant and equal

to the average of the yield (a ) and ultimate tensile (o ) stresses,yu

the geometry of small-deflection theory is utilized, and the bending phase

is completely neglected. In the derivation of the more complex equation,

a constant tension stress is assumed equal to au, the geometry of large-

deflection theory is utilized, and the theoretical curve begins at the

theoretical end of the hznding phase (load Pbc' deflection 6bc). Neither

equation considers any longitudinal shortening of the loaded span.

Considering the approximate extent to which either equation

fits the test data, the more simple equation seems appropriate for

approximate prediction of deflections, as follc-is:

7(6-1)
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where: T = (area)

6 = maximum deflection, at load

L' = horizontal distance from load to
nearest support

L- =horizontal distance from load to

other support

This equation may be used for predicting the deflection at a load applied

at midspan, away from midspan, or even moving across the span. As shown

In Figure 6-11, each successive application of a load at different

locations In the span resulted in the formation of a new V-shaped profile.

6.3.3 Stresses, Strains, and Energies within Straight-Line Portions

of ihe Specimen at Rupturi

By assuming that the deflection profile is a triangle and

using small-deflection geometry, the deflection at rupture, 6tc, is

approximated by the equation (6-2).

L(L + Le + A) +6 2 (6-2)tc Lt r Z s bc

where Lt = loaded span = L + L

r = reserve ductility available within LA during membrane-
tension phase

C£ = strain within L- when strain within L is r

A = amount by whilh span length shortens during loading
(due to straining of horizontal resisting frame during
the test, or in a ship, due to longitudinal elastic
strain, e , that is caused by overall horizontal bending
of the ship)

6bc deflection at the instant when bending phase is assumed
to terminate and membrane-tension phase to begin
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Equation (6-2) was used to analyze the data of the presernt

test series; values of er and e2 were determined from the corresponding

maximum deflections, 6tc , given in Table 6-1. For loads applied at

midspan, £., =C r and equation (6-2) was used directly, with As

determined from experimental measurements. However, for loads applied

at locations other than midspan, c2 k < C r; then E £ was related to C r

by a statics-and-compatibility analysis, based 3n equating the

longitudinal components of the tensile force in the two straight-line

portions of the deflected specimens on either side of the load, and

by using the stress-strain curves for the two specimen materials to

relate the tensile forces to c and CJ r £

The resulting values of c and c are listed in Table 6-2.r

In all tests except No. 3, it was apparent that tensile rupture initiated

in the hull plate, which was not significantly strained during the bending

phase because the neutral axis of bending was located within the cross-

section of the hull plate, even for the stiffened-plate specimens. Therefore,

for those tests, C r and C were each the apparent maximum gross strain,

Ca within the straight-line portions of the loaded span. For test No. 3,

the apparent maximum strain listed also includes a theoretical bending-

phase strain of 0.077 in./in., because of the stiffened plate specimens,

only the specimen of test No. 3 ruptured at th. load, where maximumn

tensile strains theoretically are greater in the stiffener than in the

hull plate. Also listed in Table 6-2 are end-span plastic strains,

which were obtained based on the assumptlin that the measured end-span

elongations each occurred only within ihe length betweet; the structural

tee and the support for the loaded span.
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Examination of the data in Table 6-2 suggests that it

would be reasonable in future collision analyses to limit the apparent

maximum strain, r , to a valuer

e 0.10 (tensile-strength ductility
r 32%

based on a limit of r = 0.10 in./in. in the present tests for rupturesr
associated with bend angles not exceeding 35 deg (0.61 radian). (The

significance of ruptures associated with recorded bend angles of 35 deg

or more is discussed in the following section.) Such a criterion would

have only slightly overestimated cr in test No. 6, with c r = 0.086 in./in.,
and In test No. 9, with c = 0.090 in./in., and underestimated the values

r
j of c r in tests Nos. 1, 2, and 4. The criterion even fits test No. 3,

with c r - 0.102 in./in. Examination of the data in Table 6-2 also suggests

that it would be reasonable to consider the strain in each end span to be

about one half the strain within the nearest straight-line portion of the

loaded span.

The strain-analysis calculations for e ande involved
r -

determination of corresponding plastic-range maximum stresses In the

hull plate and stiffener, if present. The ranges of these computed

stresses are divided by (a + a )/2 to give the ratios listed in Table 6-2.
y u

From these ratios, it is apparent that the assumption of a stress in the
straight-line portion at rupture equal to (a + a )/2 ( as assumed In

y u
equation (6-1)), would not be grossly inaccurate. This assumption would

uncerestimate the stress for specimens subjected to a rounded loading nose

at or near mlidspan and would overestimate the stress for specimens,

subjected to a sharp loading nose at or near midspan or to a load with

either nose near a support.
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Table 6-2 compares the plastic energy from the strain

analysis with the plastic energies computed as the area under the

experimental load-deflection curve, such as given in Figures 6-9 and

6-10, or the area under the theoretical curve using equation 6-1

For the strain analysis, the plastic energy within each straight-line

portion is the volume of strained steel times the maximum membrane-

tension strain times the stress corresponding to the maximum gross

strain. This should be an upper-bound estimate of the energy because

the stress is generally less at lesser strains. There appears to be

reasonable agreement between the three different ways of computing

the plastic energy, a further indication that the assumption of a

constant tensile stress of (a + au )/2 is reasonable.

6.3.4 Apparent Maximum Strain Under Share Bearing

Table 6-3 presents a simplified mathematical model of the

hull plate, withcut stiffeners, for relating apparent ductility to the angle

of rotation, 20, under a mldspan sharp load bearing, such as was applied

by the 90-deg nose (a is the angle subtended by the plate between the

straight-line portion and the location of maximum curvature within the

bend as shown in Figure 3-3 of Section 3). The purpose of developing

the mathematical model was primarily to establish what variables interrelate

relative to sharp bending in the h,';I plate.
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Certain arbitrary assumptions were made to simplify this

very complex problem: (1) Itwas assumed that each straight-line portion

of the hull plate that extends most of the distance between the loading

nose and a support Is stressed uniformly over the plate thickness, t,

in tension at a stress, a, , corresponding to r or c ., Table 6-2.

(2) At the centerline of the sharp loading nose, where rupture Is

anticipated, a depth dof the cross-section is arbitrarily assumed

to be uniformly stressed in compression at a stress a , and the remainder

of the cross-section is assumed to be uniformly stressed in tension at

a stress at as indicated in the diagram at the top of Table 6-3. Rupture

occurs when at a ou. These assumptions for strebs correspond to the

usual assumption of "pure plastic" analysis, and neglect the fact that

the stress Is somewhat less near the neutral axis.

Under the load, a very short portion of the span is curved,

between the two straight-line portions of the deflected hull. Despite

the curvature being "sharp", the geometry of small-deflection theory is

assumed in the present analysis. The equation for the deflection within this

curved region is not readily attained In a closed-form solution. For Zhe

derivation in Table 6-3, an equation that would define the deflection of

a simple beam is assumed, namely

y = k(3xmX - x3 (6-3)

where

y lateral deflection relative to a line through the points

of tangency where the two straight-line portions meet

the curved portion

x - longitudinal distance from one point of tangency

xm = longitudinal distance from load to one point of tangency

k = a constant
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TABLE 6-3 Nathematical |n-del for relating bend angle to appareot inaxirnu.ni strain in
centrally loaded hill late under sharrp load bearing

Center Line of Bearing- 4 Tantient Portion of
Minimum Radius Deflection Profilet - d' ' cos

Em
Similar to bending of a simple beam of
length 2x, assume y - ( x -

(compression) (tension) 0 = tax imu
,1nole RecordedAssumed Pure Plastic u

paifre Rupur¢

Stress Distribttion at

Center Line of Bearing

1. Given 6tc and a' (the stress corresponding to hull-plate strains),

c ~ ~ ~ lt 'I - -

e tan-ll Rcd

2. s treue cd and CC are unknown values corresponding, R uepectively,
S tO streins cm and cmd/(td).

3. The horizontal corponent of mbrane tension, centered at the

T = o°t cos e =ot(t - d') - Ccd" from which d" °'t t

4. Gelative to the rdplan e ote c latep thd bending oent under the

load, which is superirrposed on T, is

-ta- ,:se

2.~ ~ ~ s.b.. t an cc m ar ,ukown vaue correspdig, resecivly

(xt ;in 0 - Ya COS nd ----- .-- , (t - d)

5. For s tll-deflection theory, the masx nrm curature endaer the load

is

t - d" \dxa/X+

6. Coblning Stops 4 and of ttives

M=Ot(xm) (i.n . cs, sin d')o

_ - a cc

7 sing y k (3x2 x - x nd e) = tan ,
t. d

6. Cor . inng Steps 6 and 7 .ives

tanem \c - 2o -~s/ (x in 0 -)---- -

x • " -o s )( a, n:

44
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Equation (6-3) applies only in the interval 0 <x <xm and would apply

to pure bending in the strain-hardening range of behavior. Thus, it

is presumed that k includes the reciprocal of the strain-hardening

stiffness term, E t, where Et is the tangent modulus and I is the moment

of inertia. Although equation (6-3) does not reflect the effect of

membrane tension, it does give a reasonable and simple approximation

of the way In which the curvature increases from zero at a point of

tangency to a maximum value at the load.

As indicated in Step 3 of Table 6-3, an expression for

d' is obtained by equating the horizontal component of the tensile force

in the straight-line portion of the hull plate to the net tensile force

in the hull plate at the centerline of the load. At each section, the

net tensile force is centered at the mid-depth of the plate. In Step 4,

the "external" bending moment at the centerline of the load, resulting

from o't, is equated to the "internal" bending mnoent about the mid-depth

of the plate at that section, expressed in ter is of the stresses. In Step 5,

the geometric definition for the curvature of the plate at the centerline

of the load is equated to the "small deflection" definition for curvature.

Step 7 utilizes the fact that the slope of the plate at the point of

curvature is equal to the tangent of the angle between the straight-line

portion and the horizontal. The result of the various combinations of

these expressions is an equation (given in Step 8) for the apparent maximum

strain (before rupture) in the plate under the load:

m . 4 _V o a - ) sin e tan 8 (6-4)m 3 a o t - a' Cos 0

, is apparently related only to 9 and the plate strength, but

not to .e ,jite thickness.
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Equation 6-4. can be applied to the test data in Table 6-1

for the tests for which final bend angles were recorded. In addition to

relating the bend angle to the tensile strain under a centrally applied

load, it Is useful to apply the equation to relating the bend angle to

(1) the tensile strain of the plate at a web-frame support, with 0 - one

half the total bend angle at that location, and (2) to the tensile strain

under a load that is not centrally applied, with e - one half the total

bend angle and o' arbitrarily assumed to be the average of the stresses

in the straight-line portions of the plate on either side of the load.

With these assumptions, Table 6-4 gives values oF cM computed from

equation 6-4 , using values of 8 derived from the ar.gles listed in

Table 6-1. The values of Em ranged from 1.05 to 2.4. tirras the tension-

test ductility, 0.325 in./in., in a 2-in. gage length. Apparently, the

bending ductility was greater than the tension-test ductillty because the

bending measures, more closely, the "local ductility." As discussed in

twc recent papers (25, 26), "local ductility," which it or.fined as the

maximum strain exhibited in a tension specimen within a in. length

spanning the location of the rupture, is considerably g'e, ter than (for

some steels may be almost three or four times as great as the percent

elongation within the 2-in. gage length.

For collision analyses using equation 6-4 , it is useful

to set a practical limit on the ratio of c to the tensier-test ductilitym

so that the equation can be used to Indicate at what value of e rupture

can be expected. By using the smallest angle listed in Table 6-4 and

assuming that a' (a y + au)/2 (as used in equation 6-1 ) rather than

the values listed in Table 6-4, equation 6-4 gives cm = 0.49 in./in.,
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TABLE 6-41

APPARENT MAXIMUM TENSILE STRAINS AT

LOCATIONS OF RUPTURE

C Apparent
u Average A x imum Tensile

8 1/2 Bend Of Stresses In St....r Computed
Angle at Straight-Line From Equatioi' (6-4)

Te-c Location of Portions of With
No. Rupture,* deg Plate, ksi 't= ouin./in.

3 18 50.0 0.34

5 19 55.0 0.54

622 54.6 o.66

9 17.5 60.4 0.79

10 23 47.7 0.45

0 is the angle subtended by the plate between the strainht-line
portion and the location of maximum curvature within the bend.
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which is 1.5 times the tension- .st ductility in a 2-in. gage length.

Without a more elaborate analysis, it seems reasonable to assume that

this ratio is always 1.5 when equation 6-4 is used to establish

approximate limitations on bend angles resulting in rupture. For an

ABS steel with a a 35 Ksi, a - 65 ksi, and tension-test ductil'ty =y u

0.32 in./in., the total bend angle resulting in rupture (2e) would then

be 41 deg (0.72 radians).

6.4 Experimental Results of Longitudinal Resistance to a Traveling

Yield Zone

From the flat-die tests, an average coefficient of friction for

the lubricated surfaces was determined to be a - 0.136. The results of

the male-female-die tests, using this value of a, are compared, in

Table 6-5, to theoretical values using equation 6-5 with each recorded

radius of curvature to give a total net tension that is the sum of three

different calculations of FR.

a t2  0R 2

R 2R 5

where

F = Longitudinal resisting force per inch of

plate width

R - Maximum midplane radius of curvature

t - Sheet thickress
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TABLE 6-5

COMPARISON OF THEORETICAL AND EXPERIMENTAL RESULTS

Longitudinal Resistance of Sheets
to Traeling Yield Zooe

Gage = Tensile torce Minus Friction
of Theoretical Experimental

1-1/2-Inch- Normal (Equdtion (6-5)) (Fquation(6-5) With a 0.136)
Wide Force, FR +FR FR Pounds
Sheet N2' 1 2 3 First Second Third

Specimen Pounds Pounds Specimen Specimen Specimen

24 199 41 6 - 2
239 87 35 40 35
278 126 44 37 41

318 156 106 90 78
358 167 145 134 137
398 196 172 170 176
437 201 191 200
477 228 216 222
5i7 247 239 245
557 276 264 274
596 306 294 306
795 504 494 488
994 557 573 602

647 628 666

28 199 72 56 51 36
239 82 80 70 71
278 128 106 103 96
318 143 132 125 121
358 149 158 159 150
398 155 185 179 177
437 208 206 205
477 226 224 226
517 243 240 240
557 253 246 253
596 250 243 257
795 253 245 273
994 264 266 292
1193 272 286 310
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It Is seen that the general magnitude of the theoreti,:al and experimental

values agree. Contrary to theory, there was an increase in net tension

after the dies were closely clamped to prevent the radius from changing

appreciably, i.e., for N2 > 400 pounds. This was probably due to the oil

being progressively squeezed out, resulting in a greater coefficient of

friction as the normal force was progressively increased during each test.

6
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7. NONRIGID-BOW INVESTIGATION

7.1 Background

The analysis procedures for plastic energy absorption in tanker

side structure were based on the assumptions:

(1) The striking ship bow is sufficiently strong that the stem

profile remains unchanged throughout the collision process.

(2) The stem along with its associated backup structure, does

not deform plastically and absorb collision energy.

(3) The collision circumstances are such that the side of the

struck ship deforms by progressive plastic deformation of backup structure,

together with plastic membrane stretching of side shell structure, until

the ductility of the side shell is exhausted, rather than by an initial

cutting of the struck ship's side and subsequent tearing and/or shearing

of shell and bow plating.

Because of these assumptions, the plastic analysis procedure esti-

mates the near maximum energy absorbing capabilities of th. struck ship but

ignores any energy-absorbing capabilities of the striking ship's bow structure.

If the bow structure of the striking ship is not sufficiently strong

for the above assumptions to hold, or if it has a tendency to cut rather than

stretch the shell plating of the struck ship, several alternative modes of

structural failure may conceivably take place:

(1) If the stem remains rigid but the backup bow structure is not

sufficiently strong, the striking ship bow will progressively collapse and

absorb collision energy in addition to that absorbed by the struck ship; and

by providing a more blunt profile, may even enable the struck ship to absorb

more collision energy before rupturing.
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(2) if the backup bow structure is weak over a sufficiently large

portion of its length, it may absorb all of the collision energy without

causing significant damage to the struck ship.

(3) If the stein lacks sufficient local strength, it may buckle or

be cut by the deck of the struck ship, thus providing a sharper profile for

puncturing the struck ship.

(4) If the stem is locally weak and the backup bow structure is

also weak, the cutting of Zhe stem may be followed by collapse of the stem

and bow structure below the deck of the struck shiD.

(5) If the stem and backup structure are relatively strong and the

stem is sharp in cross section, the side of the struck ship may be cut or

rupture with an almost negligible absorption of collision energy.

Thus, a weak bow structure can increase the total energy absorption

in a collision by absorbing a significant portion of the collision energy

itself or by becoming uniformly more blunt and thus allowing the side

structure to absorb more energy due to an increased area of plastically de-

formed side structure. Or it can decrease total energy absorption by de-

forming in such a way that the side shell of the struck ship is punctured

prematurely. In either case, it is necessary to analyze two aspects of

striking ship bow strength:

(1) the strength of the stem or leacing edge of the bow, and

(2) the strength of the backup bow structure.

The case of the sharo bow structure with the capability of immediately

cutting the shell of the struck ship is a special case within the realm of

rigid bows and does not fit within the scope of this investigation. In

addition, it is believed to be pertinent only to severe collisions. The

almost identical problem of having the gunnel of the struck ship cut the stem
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of the striking ship will be discussed; however, the discussion will necessarily

be of a general nature.

7.2 Purpose

The purpose of this nonrigid-bow investigation was to propose methods

of evaluating the local and overall strength of the striking bow in relation

to the gunnel and side structure of the struck ship. These evaluation pro-

cedures are intended to complement the plastic analysis procedures for the

side structure, but the two procedures are not intended to be interdependent.

The intended use for these evaluation procedures is primarily to

determine the circumstances under which the plastic analysis procedure for

side structure is valid rather than to calculate the energy absorption capa-

bilities of bow structure.

7.3 Approach

There are a large number of possible variations in collision circum-

stances dependent on such parameters as: relative size of struck and striking

ship, relative drafts and freeboards, collision ang!es and relative velocities,

and the large number of possible configurations for the striking bow. As a

simplifying assumption and to be consistent with the scope of the plastic-

energy-analysis procedure, only those collision circumstances will be con-

sidered in which the stem of the striking ship, below its uppermost deck,

contacts the gunnL! of the struck ship. The collJ!ing ship stem is assumed

to be raked or plumb with no protruding bulbous portion.

As mentioned before, the purpose of this investigation is to provide

the tools for determining the applicability of the rigid bow assumption used

in the plastic analysis procedure, given the configuration and scantlings

of the striking ship's bow and the struck ship's side structure. These tools

or methods ef analysis will be based on the assumption that the structural
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behavior of the bow and side structure in a collision can be separated into

a preliminary phase in which dynamic effects predominate and a conciuding

phase in which quasi-static behavior can be assumed to predominate. In

addition, the bow and side structure will be analyzed for both the local

strength of the stem or gunnel and also for the backup strength of the

stiffened plate structure that is contiguous to the stem or gunnel.

First, the ability of the stem or gunnel to support a concentrated

load without sustaining gross local deformations should be evaluated. The

strength of the stem or gunnel, acting as a beam supported by the adjoining

deck and/or side shell plating, shoule also be evaluated. Finally, the crush-

ing strength of the backup structure under dynamic or static loading (which-

ever is applicable) should be determined.

Generally speaking, if the local stength of the gunnel is stronger

than the stem, the stem will deform locally and shortly thereafter be cut by

the main deck of the struck ship as described in failure mode 3 or 4 under

Section 7.1. Which of these two modes of failure will actially take place

is strongly dependent on the location of local stiffening in the stem, local

reversed inertia forces, and other details not analyzed here. The importance

of some of these factors can probably only be determined by dynamic structural

tests.

If the local strength of the stem is stronger than the gunnel, then

the dynamic strength of the struck ship deck should be checked to determine

if it will buckle under the stem loading. If it is determined that the deck

will bucki,, then the static strength of the bow shobld be determined and com-

pared with the force needed to cause final rupture of the struck ship's side.

If it possesses sufficient strength, it will satisfy the rigid bow assumption.
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If it is determined that the deck of the struck ship will not

buckle when subjected to the maximum possible stem loading for local stem

failure, then -he beam strength of the stein (as supported by the backup bow

structure) should be checked.

The sequence of failure events from this point on is difficult to

hypothesize; however, if enough local deformations occur (timewise) the

loadings quickly get out of the dynamic load regime and buckling strengths

decrease. The overall buckling or crushing strength of the bow structure

will then determine if the rigid bow assumption is valid.

7.4 Model Collision Tests

Model collision tests have been conducted primarily in Japan and

i (3, 27, 28)Italy, and have included both dynamic and static loading conditions.

For the dynamic loading conditions, the tests reported by Spinelli attempted

to duplicate the hydrodynamic damping of struck ship motion, while the

Japanese tests restrained lateral movement of the side model completely. With

respect to the models themselves, the model of the struck ship, in each case,

was of limited length and depth (in the direction of the strike) so that the

boundary conditions on the side model are very unrealistic.

In view of the above limitations on the modeling, it is doubtful

if any valid conclusions, with respect to dynamic behavior, can be drawn

from the results of these tests; and the lack of inplane restraint on *:he -Ide-

shell plating of the struck-ship model, has probably allowed for greater in-

cursions than would otherwise have been possible. Nevertheless, some

valuable information can be derivee from these tests concerning the structural

behavior of various components of the bow and side structure.
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Other limitations on the model tests conducted in Japan are the

simplified bow structure and the limited number of encounter situations

investigated. Most bow models had a plumb stem and encountered the side

model at mid height. These tests did indi;ate, however, that a rather

complete range of bow strength from soft to rigid can be achieved and be

representative of standard construction.

The model tests did indicate that transversely or longitudinally

framed, wedge-shaped structure will uniformly collapse at a static load

reasonably close to the predicted one. However, bow decks and the forefoot

structure do tend to deform in such a way that they will puncture the side

shell plating. This puncturing action is very difficult to handle analytically.

The model test reported by Spinelli was the only one in which

information on the stem-gunnel interaction could be obtained, and that

information is questionable because of the lack of side-shell restraint.

It did indicate, however, that both iow and side structure could absorb

significant plastic deformation energy, and the only rupture appeared to

be at the point where a buckled forefoot structure punctured the side shell.
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7.5 Analytical Methods

The analytical methods presented herein are, for the most part,

based on static analysis procedures for elastic structures. Some of the

procedures, however, have an empirical basis, and others pertain to

plastic analysis and to dynamic response of structure.

7.5.1 Estimation of Dynamic Load Regime

To determine the significance of dynamic effects on certain

aspects of the structural behavior in the early stages of the collision

process, estimates must be made of velocities, strain rates, force durations,

natural frequencies, etc. For structures subjected to impulsive loading,

dynamic amplification factors are important if the force duration is

approximately the same as the natural period of vibration of the structure.

For load applications of longer duration, the dynamic load factor is

dependent, primarily, on the rate of build-up of the load.

For steels with strength properties that are strain-rate

sensitive such as the structural carbon steels used in most ships, the

fracture characteristics are also strain rate sensitive(29); however, the

strain rate at which these effects become apparent are quite high and

probably only attainable at the tip of a rapidly opening crack.
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Data presented by McGoldrick(30)indicates that the vibratory

frequencies of ship decks fall in the range: 20 to 300 cycles per second.

Thus, on the iost flexible of these deck panels, a dynamic load would be one

with a duration of approximately 1/20 of a second. Presumably, side shell

natural frequencies would fall into approximately the same range. If a

striking vessel's speed is assumed to be between 5 and 10 feet per second

(3 to 6 knots), the incursion at the end of the 1/20 second would be about

3 to 6 inches. Since the speed of sound in steel is about 16,850 feet per

second, the entire structure affected by the collision would "feel" the

collision forces before the incursion had progressed much beyond the 3 to

6 inches mentioned above.

On nt basis of the above reasoning, it is assumed that

rolled gunnels and stems that are fabricated from plates that have been

formed to a radius that is 10 to 20 times their thickness, will not exhibit

a behavior that is strongly influenced by the dynamics of the collision. How-

ever, bar stems and square-intersection gunnel connections may be strongly

influenced by collision dynamics particularly if the plating forming these

hard points is in a plane parallel to motion of the striking ship.

7.5.2 Buckling Strength Amplification

The increased buckling strength of a panel of deck or side-

shell plating lying in a plane parallel to the line of the collision force

is the result of the inertia of the plate material as the struck edge is

accelerated toward the inboard edge of the panel and the central portion

is accelerated out of the plane of the plate. The factor by which the buck-

ling strength is increased over.the buckling strength of the static loading
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is a function of the flatness of the pate and its "dynamic similarity number,'

. for columns may be defined in the following ways

r. (2 ~ C 3 7 a)
E (7-,.b)

T4(EP)2(!2R_)2 (-1~c

of the symbols used, CE is the Euler strain (CE = 2- ) , E is Young's

Modulus, p is the mass density of the material, v is the loading velocity,

c is the speed of sound in Lhe material, p is the radius of gyration, and

is the natural frequency of the column in bending.

A comparable dynamic similarity number can be calculated for

plates if it is assumed that for wide plates a un"t-width strip of plating

can be used to determine a 2. value, or alternatively, CE may be calculated
L

from the plate buckling stress. The fundamental frequency of the plate, w

may be calculated from the equation

= 6.09 x 105 t (Ln+-- 2 (7-2)

a b

where t is the plate thickness, a is the length of the short side, and b is

the length of the long side (30).

Using Equation (7-2) in conjunction with Equation (7-1.c),

values of f* were calculated for a 30-inch by 90-inch plate at thicknesses

of 0.75-inch, 1.00-inch, and 1.50-inch and for collision velocities of 5

and 10 feet per second. These values are shown in Table 7-1.
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Table 7-1

tz Values for 30-inch x 90-Inch Plate

Plate Thickness, L A @ @
inches _______ 5.0 fps 10.0 fps

0.75 133 565.5 0.020 0.005
1.00 99 754.0 0.112 0.028 I
1.50 66 1131.0 1.276 0.319

The buckling strength augmentation factor (31) for wide
P

plates, PE' which is the ratio of the dynamic buckling load to the static

Euler load, for various plate eccentricities, e, where e is the ratio of

Initial deflection of the plate to the plate thickness (See Figure 7-1).

The relationship between Q and the augmentation factor,

P
as a function of e, is not straightforward; and the information presentedPE

In Figure 7-1 was developed through the use of trial and error approximate

calculation procedures. Unfortunately the plot does not cover the entire

parameter range of interest.

Nevertheless, it is obvious from an examination of Figure 7-1

in conjunction with Table 7-1 that high values of te augmentation factor

will apply to moderate collision circumstances.

7.5.3 Local Strength of Stem and Gunnel

The analysis of the local strengLh of the stem or gunnel is

difficult for several reasons. Because the local strength is pertinent to

the initial phase of the collision process, it is highly dependent on dynamic

effects, such as local reversed inertia forces, dytiamic buckling, cutting
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and tearing, etc. In addition, there are various configurations of stem

and gunnel construction in use, few of which really IL.d themselves to

structural analysis. Also, the loads tend to be highly localized and diffi-

cult to define.

Although the details of stem and gunnel configuration can

be quite varied, most tend to be either cylindrical in cross section or

made up of interesecting flat plates. See Figure 7-2(a). For the ones

that are cylindrical in cross section, it will be assumed that because the

portion of the stem or gunnel first contacted lies in a plane normal to the

direction of motion, the reversed inertia forces will be relatively small.

Thus, an elastic stress analysis based on static loading will be used to

obtain a relative measure of the local strength of cylindrical or rolled

stems and gunnels.

For bar stems and gunnels - those made up of intersecting

deck- and side-plating or bow-side plating reinforced with structurals or

flat bars - it is proposed that a more simplified evaluation procedure be

adopted. It ;s suggested that the strength of this type of stem or gunnel

connection is a function of the sharpness and mass or density of the loading

edge and the rigidity of the hack-up structure. The comparable strength

of a rolled stem versus a bar gunnel or vice verse is not possible with the

tools presently available.

The local strength of rolled stems and gunnels will be based

on an empirical equation(3 2) that may be used to predict the magnitude of

the concentrated radial load, Py.that will cause yielding in a cylindrical

member of radius, R. when the contact area has a radius, r. This equation

can be expressed as follows:
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P =K t
y y

Where K = 1
0.A2 Ln 0.215 R +

r "I

a = yield stress of material, and
y

t = thickness of cylindrical member.

For values of - ranging from 5 to 100, the value cf K varies from about 2.0
r

to 0.566.

For bar stems and gunnels, it Is sug Bsted that the relative

strength be judged on the basis of the cross-sectional area of steel within

the first 6 inches of incursion as indicated in Figure 7-2(b). This evalu-

ation is intended to reflect the strength of density of the local edge

construction. The sharpness can best be judged by visual comparison or

possibly by the concentration of steel cross-sectional area near the loading

edge.

It is suggested that the relative strength of bar versus

rolled gunnel or stem can best be evaluated through a series of dynamic

structural tests.

7.5.4 Beam Strength of Stem and Gunnel

It is the beam strength of stem or cunnel that tends to soften

and distribute the localized loading at first contact from the point of con-

tact into the backup structure. The strength of the stem or gunnel can only

be evaluated if it is separated from the rest of the ship and the beam

strength and stiffness properties calculated.

The limits of the stem or gunnel arc not distinct and it

is necessary to assume an effective width of deck or side plating to be acting

as part of the stem structure. For this purpose, it is suggested that for
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rolled stems and gunnels, the edge structure be assumed to consist of the

cylindrical portion plus a width of plating equal to ten times the plate

thickness. For bar stems and gunnels, it is suggested that the edge

structure be assumed to consist of the reinforcement structure plus ten

thicknesses of plating beyond the boundaries of the reinforcement structure,

as drawn in Figure 7-2(a). This figure indicates the portion of the structure

to be treated as a beim. The strength and stiffness properties should be

calculated with respect to the direction of application of the collision

force. When both the moment of inertia and the section modulus of the stem

or gunnel have been calculated, they may be useJ in evaluating the beam

strength of the stem or gunnel by application of the theory of beams on

elastic foundations (3).

The first step in evaluating the strength of a beam on an

elastic foundation is to estimate the foundatior modulus, kf. The foundation

modulus is a measure of the force required to deform the foundation per unit

length of beam. For stem and gunnel structure, the elastic foundation

supporting the beam will be linearly elastic only as long as the backup

plating does not buckle, and its foundation modulus, kf, will be

k= Et
kf -- cos a (7-4)

Leq

for each stiffened plate field supporting the edge structure, where E is

Young's Modulus, t is the plating thickness, Leq is an equivalent lenqth of

plating compressed by the collision force, and q is the angle between the

collision force and the plane of the plate.

It is suggested that for rolled stems and gunnels, the

modulus be calculated for statiL loading conditions and for bar stems and

gunnels that it be augmented by the "buckling augmentation factor" to re-

flect the effective increase in stiffness of the plate material.
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Once the foundation modulus has been estimated, the bending

moment in the stem or gunnel may be estimated by the equation,

M = P(7-5)

where X = kand

* I = the moment of inertial of the beam structure.

The local buckling strength of the backup plating may be

estimated by assuming a distributed length of compressive load equal to

This is an estimation based on the length of foundation loaded in compression

by the deflected beam (33).

The buckling strength of plates subjected to localized

edge loading (34) and the buckling load as a fraction of the Euler load

varies from about 35 to 75 percent, depending on the fraction of edge length

subjected to the load, the boundary conditions on the plate, and the plate

aspect ratio. Again the local buckling strength of backup plating should

be augmented for dynamic loading in accordance with the existing edge con-

figuration.

7.5.5 Effective Plating

In the secondary phase of the collision process, when

quasi-static structural performance predominates, the failure mode will con-

sist primarily of uniform crushing of longitudinally or transversely framed

bow structure in accordance with the relative bow and side-shell strength

and the portion of the bow structure that is being affected by the collision

force. Generally speaking, the cross-sectional area of plating is high com-

pared to that of the supporting beams and girders -- particularly for trans-
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versely framed structure. Thus, it is suggested that the crushing strength

of bow strccture be evaluated on the basis of the total cross-sectional area

of structure at the longitudinal location in question, along with the

plating effectiveness as discussed below.

In estimating the compressive strength of stiffened plating,

it is necessary to take into account the reduced load-carrying capacity of

those portions of the plate that have either buckled or distorted out of

their original plane due to fabrication distortions or normal pressure

loadings. For longitudinally stiffened plates, the effects of plating un-

fairness and lateral load are not as important as in transversely stiffened

plating.

It is proposed that for longitudinally stiffened plates the
be

effective width r.tio, - , be calculated by an equation of the form

be _ 1.90 _ 0.90 (7-6)

b B B

where B = b
tq E

This equation has been plotted on Figure 7-3 along with similar information

on transversely stiffened plates. As noted before, the effective width of

longitudinally stiffened plates has been assumed to be independent of initial

curvature of the plating between stiffeners. The crushing load is calculated

by the equation

be
p -- Asa (7-7)c

where Pc is the crushing load, As is the cross-sectional area of the stem,

and be is the applicable effective width ratio.
b

For transversely stiffened plates, the post buckling strength

has been derived by Schade (35) with both plating unfairness and boundary
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fixity being taken into account. The information derived by Schade is

also presented on Figure 7-3 (for simply supported plating) in terms of

the effective width ratio, , the ratio of material yield stress to the

Euler buckling stress, -Y, for the wide plate in question, and the ratio
OEh h

of initial unfairness (assumed to be of sine wave form), e = - , where h

is the maximum amplitude of unfairness.

For raked bows, where there may be some question of where

the collapse strength should be calculated, it should be noted that the

resistance force of the side structure will generally increased at a faster

rate than the incursion, thus, if the bow is stronger than the side structure

at maximum incursion, it will be stronger for the entire incursion and may

be assumed to constitute a rigid bow.

7.5.6 Tearing Energy

Unfortunately, there is relatively little information avail-

able on tearing energy of steel plates that is directly applicable to the

collision situation in question. Information on the mechanical shearing

o.2
of steel plates indicates that energies in the range of 1000 ft. lbs./in.

are involved. For dynamic loads comparable to those experience in the Charpy

V-Notch test, the upper shelf energies indicate tearing energies in the

order of 200 to 800 ft.lbs./in.2 , depending on the notch toughness of the

steel.

Complicating the problem still further is the uncertainty

associated with the load magnitude, rate of application, and degree of load

concentration needed to initiate a tear. A review of collision photographs

and the collisions that were inspected, strongly suggests that minor colli-

sions do not involve plate tearing or shearing in the early stages of the
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collision process, while for more severe collisions, either the bow is

sliced at each deck level encountered in the struck ship, or the gunnel,

deck, and side plating of the struck ship are cut and/or torn.

Fracture tests on steels indicate that for steels with

strain-r*ce-sensitive strength properties, the tearing energies decrease

at high str,Ain rates ().Yet there is little data available on the

magnitude of this decrease that can be directly applied to this problem.

It is suggested that a large amount of valuable information could be ob-

tained from a few well contrcllcd structural tests of this phenomenon.

7.6 Conclusions and Recommendations

Because of the nature of the nonrigid-bow investigation, some of

the conclusions and recommendations pertain to the analysis procedures,

themselves, as well as to the results of their application. A great deal

of developmental and analytical work remains to be done in this area, and

the recommendations in the following list are intended to enumerate them.

(1) Two important dynamic loading effects related to nonrigid-

bow structural behavior are the increased buckling strength of deck structure

and bow-side-shell plating as collision velocity is increased and the decrease

in the energy absorbed in shearing and tearing of stem or gunnel structure

with increased strain rates.

(2) The dynamic effects related to structural behavior in moderate

collisions are generally confined to the very early stages of the collision

process, probably within the first foot of incursion.

(3) The rounded portion of a stem or of a rolled gunnel is bene-

ficial in preventing the backup plating from being dynamically strengthened

and forming a cutting edge that would result in puncturing of either ship

in the initial stages of the collision.
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(4) Because of its resistance to the cutting action of the main

deck, a strong stem structure may be more desirable than a weak one with

regard to the maximum absorption of collision energy before side-shell

I rupture.
(5) Sharp, square gunnel connections should be accompanied by a

heavy, strong sheer strake to guard against the puncturing action of a cut

stem and, in addition, to soften the cutting action of the main deck.

(6) Experimental work should be conducted to obtain data on the

resistance of various stem configurations to the cutting action of the

struck ship gunnel, and on the resistance of the sheer strake to the subse-

quent puncturing by the cut stem.

(7) Similar experimental work should be conducted on gunnel config-

urations with regard to their resistance to the cutting action of a sharp

bar stem.

7-21



8. CONCLUSIONS

8.1 Results

This report has presented an evaluation of tanker minor collisions

in an effort to develop an analytical proced -e to evaluate the structure of

a tanker from the viewpoint of the actual projction it affords the cargo

during the collision. The degree of protection is determined by the amount

of energy absorbed during the collision, since this can be converted to

striking ship mass and velocity. In addition to structural considerations,

the energy absorption due to rigid body motions of the colliding ships was

investigated. The analyses indicated that this energy could be significant

although only a fraction of the plastic structural energy absorption, but

further investigation was curtailed because this phenomenon should not have

any effect on the structural energy absorption.

The evaluation of the structural energy-absorbing capabilities of

tankers was divided into elastic energy and plastic energy and the results

have shown the elastic energy absorption is relatively insignificant when

compared to the plastic energy absorption.

The principal results of the study are then twofold. Firstly,

the mechanics of minor collisions and their importance with respect to energy

absorption have been identified and investigated. This results in giving

the shipbuilding industry a better understanding of the minor collision

phenomena. Secondly, an analytical procedure and its numerical applications

for estimating the plastic energy absorbed by longitudinally frames ships,

particu!arly tankers, during a minor collision has been developed for the

first time. With additional effort it may be possible to develop this

procedure for use in rar.king the ability of the structure of longitudinally

framed tankers to withstand ;ide collisions without shell rupture, and
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thereby assist in increasing the safety of these ships. The procedure is

sufficiently general that with judicious modifications it can be made suitable

for the analysis of other ship types. This procedure is not intended to be Ubed

as a design procedure but may be of value for the comparison of various candidates.

Although assumptions and limitations are noted throughout the report,

it is of value to note a few of the more significant here. First, the plastic

analysis procedure employs a static analysis, which is an obvious simplification

of the dynamic phenomena of collision; second, although means of analyzing

striking ships with non-rigid bows were explored, the procedure still assumes

rigid bows; third, the possibility of dynamic tearing or puncturing of the shell

prior to rupture is neglected.

The numerical calculations show that in the idealized collision considered,

typically between 2/3 and 9/10 of the plastic energy absorbed could potentially

be that of membrane tension in the stiffened hull. The other areas of significant

energy absorption potential are membrane tension in the stiffened decks and

in-plane shearing of the web frames. Therefore, an efficient minor collision-

resistant design is one which insures that the membrane energy reasonably available

in the steel structure is utilized in a collision situation. This inherently

indicates that web frames should be weak, and the most efficient way to increase

the ability to absorb collision energy (provided the web frames are weak) is to

increase the thickness of shell plating. Of course, developing a structural

design from a collision standpoint may be difficult when considering other design

requirements.
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The numerical solutions employing the plastic analysis procedure presented

in the report indicate that when the web frames of a double shell hull distort

due to bending, so that both hulls deform in membrane tension in unison, the

energy absorbed is approximately equal to that absorbed by a single shell hull

of thickness equal to the combined thicknesses of the double shells. If the

web frames deform by crippling, with the result that the outer shell deflects

while the inner does not (unless the outer actually touches the inner), the

energy absorption may be less for the double shell hull when compared to the

single shell. In the case of punching or tearing action, where little energy

absorption is involved, the double shell is superior to the single shell since

the inner shell may remain intact and prevent leakage of the cargo after rupture

of the outer shell.

The plastic energy absorbed in the struck ship by the mechanisms just

described was found to be greatly dependent on the location of the str.ke with

respect to the locations of webs and bulkheads. This implies that the assessment

of the cargo containment protection afforded by a particular ship should be made

after collisions with strikes at different points along the length of cargo spaces

are evaluated.

It has also been shown that the shape of the bow of the striking ship

has a significant influence on the energy absorbed. The greater the vertical

extent of side shell which can be engaged, the greater the plastic energy absorbed.

The material properties of the steel also play a significant role. Since

the most important mode of energy absorption is in the plastic deformation, the

steel must be ductile. Also, the effect of ambient temperature on rupture is

significant since no plastic energy can be absorbed where the temperature is

below the transition temperature.
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With respect to non-rigid bow structural behavior, the most important

effect arises from Jynamic loading and is the increased buckling strength

of deck structure in both the struck and striking ships and the striking ship

bow side shell plating. These areas may then act as hard points that can

"knife" through other structure. This phenomenon has been observed in actual

collision inspections with respect to horizontal structure of the struck ship

nutting the striking bow.

8.2 Recommendations

It has been shown that the procedure for the evaluation of tanker

structure in collision presented in this report will serve as a step to assist

In increasing the safety of ships. It is recommended that the project be

continued to refine the procedure with the tasks described below. In addition

it Is urged that all organizations involved and interested in preventing spillage

of liquid cargo in ship collisionsmake an effort to gather collision data with

as much detail as possible to aid in the development of studies such as presented

herein.

1. Perform detailed investigations of the different dynamic aspects

of collision. Further, develop methods of analysis which can be incorporated
i

into the principal p.ocedure as it now exists for those aspects which could I

influence ranking of ships with respect to their ability to withstand collisions.

2. Perform dynamic tests of component structures for those dynamic

aspects which do not lend themselves to analytical investigations.

3. Develop a more accurate analytical model of the struck s'ip decks

and extend the existing procedure to include damage to bilge arei and bulkheads.
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4. Perform component tests with high-strength steels and multiple

web frames.

5. Continue to inspect actual collisions. Coflision inspections

have been the only means of comparing theoretical predictions to full-scale

occurrences and in this light have been invaluable. Observations made during

inspections have led to significant changes to or confirmation of the analyses

throughout the course of the project.

6. Investigate the feasibility of full-scale or large-model tests.

7. Consider the oblique collision in greater detail since most

collisions are of this type. Specifically investigate membrane tensizns ahead

of the strike, and strikes at webs and bulkheads.

8. Investigate the role and failure mechanisms of web frames and

builkheads in more detail.

9. Consider the case of the striking bow immediately cutting or

punch-shearing the shell cf the struck ship. If possible suggest methods for

limiting this occurrence.
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B-1. BACKGROUND

Most past analyses of the energy absorbed in ship collisions have been

conducted for the purpose of studying the protection of nuclear reactors

on nuclear-powered ships (1,37)* These past anslyses have considered a full

range of collision severity; however, the data upon which these analyses

have been based were, for the most part, derived from moderate to severe collisioi

situations. The reason for this is that the more severe collisions have

been of greater interest and importance than the minor collisions and have

been more carefully documented.

In a tanker collision analysis designed to determine the amount of

collision energy that can be absorbed prior to the rupture of cargo oil

tanks, it is necessary to concentrate on relatively minor collisions in

which the amount of plastic deformation of local structure does not exceed

the capacity of the structure to stretch or deform without rupture. If this

plastic deformation is not greater than a couple of feet in the direction

of penetration, then it would appear to be possible for the elastic de-

formations to be significant by comparison.

In many past analyses of moderate to severe ship collisions, elasic

energy absorption has been ignored or has been assumed to be negligible( I).

This was justified intuitively on the basis that the relative magnitude of

elastic and plastic energy absorption is directly related to the relative

magnitude of elastic and plastic deformations. In a severe collision, the

plastic deformations are obviously much greater than any elastic deformations

that the struck ship could sustain.

*Numbers in brackets designate references in the Bibliography, Appendix A

Preceding page blank
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Guida and Haywood(8,9) do investigate the importance of elastic energy

absorption in ship collisions; and Haywood, in his NCRE report, concluded that

for a significant portion of the collision energy to be absorbed elastically

as potential or kinetic energy of overall ship vibration, the collision

duraticn should be as short as, or shorter than, the fundamental period of

horizontal ship visration. The generation of a large collision force lasting

only a short period of time requires that the strength and stiffness of the

struck ship's side structure be extremely large. The analysis that was used

to formulate these conclusions treated the struck ship as an elastic uniform

beam subjected to two simple types of collision impulse and did not include

a treatment of local structural behavior in the vicinity of the impact.

Studies of the dynamic response of ship structures to slamming type

impacts(10) indicated that the response of local structure at the impact

location can strongly influence the elastic response of the overall structure

by modifying the magnitude and time-history of the applied forces as they

are transmitted through the local structure to the overall structure.

Because the present collision analysis involved the study of various local

structure configurations in the vicinity of the collision damage, the

importance of modeling local structural strength was identified as an

important consideration in this study.

The slam analysis computer program 00 ) was available to the investigators.

It offered the additional advantages over the NCRE investigation of being

able to specify more complex force-time histories of impact, and the

advantage of obtaining both local and overall displacement, velocity, and

bending moment histories throughout the duration of the collision.
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B-2. METHOD OF ANALYSIS

B-2.1 Computer Program

The computer program that was used in the study of elastic energy

absorption was originally developed to calculate the local and overall

dynamic response of ships of the dry-cargo type to impacts on the flexible

bottom structure. The program utilizes a lumped mass idealization of the

structure in which flexible-bottom-structure degrees of freedom are

considered In addition to main hull girder motions. The dynamic response

is obtained by a mode superposition method in which the response of each

mode is obtained through the use of a step-by-step integration procedure.

The degrees of freedom are confined to the vertical centerline plane of

the ship, and the double elastic axis hull idelaization is supported on a

series of buoyancy springs as shown in Figure B-i.

As indicated in Figure B-i, two types of couplings are assumed

between the main hull and double bottom girders: (1) bulkheads provide

rigid connections which require the two girders to displace equally at

these locations, and (2) the transverse stiffness of the bottom structure

permits relative movement of the two girders, but provides an elastic

restraint between them.

In applying the slam analysis program to the tanker collision problem,

it was necessary to use an idealization intended to represent vertically

symmetrical structure to solve for the response of a structure

that was unsymmetrical in the direction of vibration. For this analysis

to be valid, the predominant mode of vibratory response of the struck ship

must be the horizontal flexural vibration of the main hull. The assumption

that the torsional response is negligibl was primarily one of convenience
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and can only be justified If the dl-ection of the resultant collision force

passes close to the shear center, center of twist, and center of gravity of

the tanker, and If the coupling between horizontal and torsional vibration Is

small. These qualifications could be partially satisfied if the striking

ship's bow were properly raked and if the tanker cross-section were close to

being doubly symmetrical with regard to section properties. The tanker hull

certainly comes much closer to meeting these qualifications than does a

dry-cargo ship. In addition, the single or double side shell construction

was assumed to behave in a manner similar to double bottom structure, and

appropriate values of added mass for carfqo and sea water for horizontal motion

had to be assumed.

In addition to the above simplifying assumptions with regard to

the structural idealization, the transformation from vertical response to

horizontal response required a different interpretation for the springs

used to represent buoyancy forces. It was decided that by suitable

manipulations a spring constant could be chosen so that the springs previously

used to represent buoyancy could represent the hydrodynamic resistance of

the ship to transve,-se motion. This choice wa accomplished by arbitrarily

assigning a spring constant to the buoyancy springs (resistance springs for

tr;asverse motion) and determining the resulting velocity- and displacement-

time histories of the struck ship's cente, of gravity in transverse motion.

Using incremental values of velocity from the velocity-time history, a series

of resistance-to-lateral-motion calculations were made for various displaced

positions of the ship. A simple drag-coefficient approach was employed.

From these calculations, a plot of ship-resistance versus lateral-movement

was made and then linearized to obtain an approximate spring constant.

This new spring constant was then substituted for the arbitrarily chosen one,

and a new collision calculation was performed. From the new calculation,

a corrected velocity-time history and displacement-time were obtained for

&the struck ship's center of gravity.

A B-5



In the above-mentioned calculations, the corrected "resistance

spring" was about twice the value of the arbitrarily chosen spring constant;

however, the new velocity- and displacement-time histories were approximately

the same as the original. Thus, it was concluded that the major resistance

to transverse motion was the struck ship's inertia and that the energy lost

to hydrodynamic resistance could be ignored in most cases. Nevertheless,

an approximation to this resistance, and hence to the energy absorbed by it,

is contained in the revised slam-analysis computer program.

In additinn to the alterations in the ship idealization, a modification

was made to the computer program to provide for calculating the work done by

the collision force on the struck ship during the time of its application.

This included not only the work done in moving the ship laterally through the

water but also in elastically deforming the local and overall structure.

The work was calculated for each mode of dynamic response and provisions

were made so that it could be summed over any specified number of response

modes. This provision was necessary so that work of elastic deformation

could be separated from the work done in overcoming inertia and hydrodynamic

resistance.

As mentioned previously, a mode-superposition method was used in

solving for the dynamik response of the struck ship. In this mode-

superposition method, the first two modes of response are rigid-body modes

representing a rigid body translation and rotation of the entire ship, and

the remaining modes represent the various modes of flexural response of

the ship structure. Thus, if the work done by the collision force was summed

over the first two modes of response, that work would be representative of

the work expended in overcoming the struck ship's inertia or in transferring

some initial kinetic energy of the striking ship into final kinetic energy
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of the struck ship. If the work was summed over the first 25 rodes of

response, It would include the energy absorbed by the elastic deformations

of the struck ship. This assumes that energy ab3orbed by the modes higher

than the 25th are negligible and this fact was verified by trial calculations.

The difference of these two summations gives the energy absorbed by elastic

deformations of the ship. It is important to keep in mind that this method

of analysis assumes elastic behavior of the entire ship and includes both

local and overall deformations.

The elastic response of a struck ship is a direct function of the

impulse or force-time history that It experiences. The force-time history,

in turn, results from the relative movement between the two ships that

takes place once the collision process has commenced (following initial

contact). This relative movement or penetration depends on the initial

momentum of both ships as well as on the structural resistance to penetration

and the inertia fortes generated in the immediately affected structure of

the struck ship. Thus, in deriving suitable force-time histories or

collision impulses to be used in the present study, it was assumed that

the total impulse could be separated into structural resistance forces and

local inertia forces. The structural resistance forces were derived from

the plastic energy absorption calculations and the local inertia forces

were estimated by trial and error solutions of the dynamic response of

the local structure. The relationships between these various factors

can best be studied by applying the principles of conservation of energy

and momentum to a simplified collision process.
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B-2.2 Collision Dynamics

The tern. "simple ship collision" as used in the following development

refers to a coi;ision situation in which the struck ship is originally

stationary in the water and is hit at its coinciding centers of gravity and

lateral resistance at an angle of 90 degrees to its longitudinal centerline.

The striking ship is rigid and unpowered at the instant of collision; and

the resulting collision force drops to zero at the time of maximum penetration,

after which the two ships continue their motion as a single mass. The

situation is described graphically in Figure B-2.

In addition to the assumptions regarding the "simple ship collision,"

it is also assumed that the effective mass of both ships remains constant

during the collision, i.e., the added mass of entrained water is assumed

constant. An effective total mass for the struck ship was chosen that

corresponded to an added mass coefficient of 0.65. The added mass for the

striking ship was ignored.

With the previously mentioned assumptions and ignoring the effects

of ship resistance, the final common velocity of the ti*o ships can be

expressed as follows:

vf v! - (B-i)

From this expression and the fact that v2  0 0, the initial, the final, and

the absorbed kinetic energies can be written in terns of the ship masses

and the initial velocity of the striking ship:

m(
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KE 2 7Vf (B- 3)

2

T- j.V1 2  MI
MM

= KE (B-5)

M (B-4)L)
2i M

KE = KE. KE
a f

= KE. -ml

, K M (B-4)

iM M

: KE (13--5)
i M

In the computer runs that were carried out to determine el istic energy

absorption, the ship resistance was not ignored, and the final velocities

varied slightly from the value indicated by equation B-I. For this reason,

final and absorbed kinetic energies are different from those calculated by

equations B-4 and B-5 by the amount of energy lost to ship resistance.

The total kinetic energy absorbed in a ship collision can also be

expressed as the integral of the collision force (as a function of penetration)

and the colli,. ion penetration:

KE = F(p)dp (B-6)
a

where the collision penetrztion, P, is mae up of both elastic and plastic

deformations; and if the striking ship is assumed rigid (as in the present

analysis), these deformations all occur in the struck ship. This definition

of penetration is illustraLtd in Figure B-3, in which the mistance (a) is

J'. B-IC
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the elastic deformation of the struck ship with respect to its own center

of gravity, the distance (b) is the depth of penetration caused by plastic

defirmation of the struck ship, and distance (c) is the distance through

which the struck ship's center of gravity is moved - d2. The elastic

deformation is calculated by the slam-analysis computer program and the

plastic deformation by the "plastic energy analysis." The assumptions

made in order to justify the separate calculation of these two types of

deformation are explained in Section 2.3 of this appendix.

The penetration, P, may also be defined in terms of the difference

in distances traveled by the centers of gravity of both ships,

P = d1 - d2 , (B-7)

which in turn can be expressed is a function of the initial ship velocities

and the time history of the collision force.

With the collision penetration expressible in terms of elastic

and plastic deformations (or work done by the striking ship's bow) as

well as in terms of movement of the two ships' centers of gravity, it is

then possible to relate the force-deflection history of the collision to

the force-time history of the collision.

A very simple relationship exists between the force-penetration

history and force-time history of a so-called "constant force collision" --

one of the collision situations examined in Reference 9. Obviously, if

the force remains constant from zero penetratiun to the maximum penetration,

it is also constant for the time duration of the collisic.i process. As

shown in Figure B-4, a constant force collision results in a linear

velocity-time curve for both the struck and striking ship. The constant

force results in a constant acceleration of each ship and, therefore, a

linear velocity.
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As Indicated in Figure B-5, the distance traveled by each ship

may be simply calculated from the areas under their respective velocity-

time curves as follows:

vl +vf
2

vf

d2  2

and hence,

P = d. - d2 ,, ± (B8)

regardless of the value of vf; i.e., regardless of the relative magnitude

of m1 and m2, as long as vi and are given.

For other than constant-force cr.ilisions, the slopes of the velocity

curves frr the struck and striking ships at a given time are inversely

proportional to the ship masses and directly proportional to the collision

force at that time. Thus, as indicated in Figure B-6, the distance traveled

by the struck ship, area (a), is related to the distance traveled by the

striking ship in the following manner:

d, = area (c) + area (a)

d2 - area (a)

area (c) = vit9 -area (a) -area (b)

(1 - vf)

area (b) - area (a) x 
V

vf

= area (a) x
ml

Let area (a. -d 2 , vf x f1 (F) SvI n"'f(F)f

where fl(F) is a shape function determined by F(t).
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Since

P -di 2

P - area (c)

"! - area (a)

vr'- vj' ml f,(F)
M l

p =vT [I - fl(F)

or P - v1T f2 (F) (B-9)

where f2(F) = I - f1(F)
It can be shown that f2(F), or simply f2, is a unique function of F(t) and

Is independent of the ratio of ship masses; and thus, as was true for the

constant force collision, the penetration is equal to the product of

initial velocity, vj, and collision duration, t , times a factor that

is a function of the collision force-time history, only. Further, it

can be shown that it is only a function of the shape of the force-time

history and not its magnitude.

T For example, the second type of collision studied in the NCRE

report was a linear force-penetration relationship in which the collision

force varied from zero to a maximum value as a direct function of penetration.

This force-penetration relationship results in a sinusoidal force-time

relationship as shown in Figure B-7, and in a velocity-time relationship

similar to that shown in Figure B-5. For this type of collision:

= v (B-10)
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Similarly simple expressions for penetration in terms of the

initial velocity of the striking ship, the duration of the collision, and

the shape of the collision impulse (force-time history of the collision)

can be determined for other shapes of collision impulse. The important

conclusion, however, is that it is possible to relate the total penetration,

as made up of plastic deformations from the plastic energy absorption

analys!s and elastic deformations from the dynamic analysis, to the shape

of the collision impulse -- which in turn can be related to the structural

resistance forces and the local inertia forces.

B-2.3 Combining Plastic and Elastic Collision Energies

The assumption that forms the basis for calculating separately

the plastic and elastic energy absorption for minor collisions is that

the plastic work done on the ship structure is confined to a small region

in the immediate vicinity of the penetration and that this plastic

distortion does not significantly change the elastic properties of the

overall ship. In addition, it is assumed that the elastic ship feels only

the forces acting on the boundary of this region; i.e., the structural

resistance forces of the penetration and the inertia of the plastically

deformed structure and its entrained sea water and cargo oil. The dynamic

response of elastic local structure is ignored because its natural frequency

is relatively high compared to the collision duration; and its response,

therefore, should be quasi-static and directly related to deformations.

As mentioned previcusly, the total movement (during the collision

process) of the stem of an infinitely rigid striking ship contains the

following components:
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1. Local elastic deformations of the struck ship.

2. Overall elastic deformation of the struck ship.

3. Movement of the struck ship's center of gravity
as resisted by the struck ship's Inertia and by
hydrodynamic forces.

4. Local plastic deformations -- penetration of the

striking ship bow as calculated by the plastic-
energy absorption procedure.

It is assumed that the movement consisting of components 1, 2, and 3,

and hence the work done by these components, can be treated separately from

the 4th component. This assumes that a force-time history can be chosen

for estimating components 1, 2, and 3, that is representative of the force-

time history produced by the force-penetration history of the 4th component,

in conjunction with the inertia forces of local structure.

Thus, once a plastic energy absorption calculation has been completed --

giving values for plastic energy absorbed, plastic penetration, and the

maximum structural resistance force -- estimates can be made for the total

penetration and the total force-time history of the collision that includes

the local-mass inertia forces. The local-mass inertia forces depend on the

acceleration imparted to the plastically deforied structure (and its entrained

cargo and sea water) by the striking ship bow. From a series of these

estimates, elastic energy absorption calculations can be made that yield

a range of elastic energy absorbed, elastic penetration, local velocities,

and other information on struck-ship response, which can then be compared

to determine which estimate gave the most consistent results for the entire

collision process. Primarily, this comparison consists of checking to see

if the assumed collision impulse for local inertia forces produces local

velocities on the struck ship that correspond to the velocity of the

striking bow.

B- 23
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This trial and error process generally progresses as follows:

1. From a specific plastic energy absorption calculation,
values for plastic energy absorbed, plastic deformation
or penetration, and maximum structural resistance force
are obtained.

2. A mass is assumed for the striking ship: ml.

3. The calculated values of plastic deformation and energy
absorption are slightly modified to be consistent with
a linear-force collision, i.e.,

KE (plastic) - pF (B-11)
a

where KE = calculated plastic energy absorbeda

F - calculated maximum structural resistance force

and p - calculated plostlc deformation.

4. A force-time history is assumed for the local-structure
inertia forces and is added to the linear-force-collision
force-time history. Some typical ccmblned force-time
histories are shown in Figure B-8. Values of fj and f2
can then be determined.

5. Several estimates of p', the elastic deformation, are
made, thus yielding a series of values for P, the total
penetration. P = p' + T

6. For each value of P and using the assumed total collision
impulse, a collision duration can be determined in the
following manner:

From momentum considerations,

F1fj - m2vf =M

M

Thus,
FM '

v -= fl (B-12)

Also,

P - vii f2

or

Pvi (-13)
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From (a) and (b) b

Pmf2 j(B-14)
where fj and f2 are computable functions of the assumed

pulse st.ape.
S7. For each value of , a corresponding value of v, can be

determined from the above equation (B-13).

For each v1 and the assumed ml value, the various energies --
KEIv KEf, and KEa -- can be determined.

9. Using the assumed collison-impulse shapes and the
corresponding duration, T, elastic energy absorption

tand penetration, p. can be determined with the slam-
analysis computar program.

10. For each trial, the computed elastic energy absorbed was
added to the previously calculated plastic energy and
compared to KEa from step 8. The calculated elastic
deformation, p , was checked against the assumed value,
and the velocity of the locally deformed structure was
compared to the velocity of the striking bow at a time
shortly after the initial contact.

11. The combination of original estimates of p" and the local-
inertia force-time history that gave the best agreement in
all three categories was assumed to be a correct solution.

B-3. SUMMARY OF INVESTIGATIONS

Several groups of parametric analyses were conducted in an effort to

determine the in:portance of elastic energy absorption in relatively minot-

collisions. Prior to formulating the first series of parametric studies

for the slam-analysis computer program, the equations developed above

were used in an attempt to define the relevant range for such parameters

as collision force, penetration, striking-ship size and speed, and the

various components of energy absorption. This was also prior to having

completed the first plastic energy absorption calculations.

B- 23

1

i



This first series of calculations used ship sizes of from 30,000 to

120,000 tons displacement, penetration values of from 1.0 to 10.0 feet,

and an assumed deceleration of about one-tenth the acceleration of gravity

(a value suggested by some model collision tests conducted by Spinelli --

see References 3-5). To obtain short duration collisions of 0.2, 0.6, and

1.0 seconds, a collision force of 12,000 long tons was required. Figure B-9

shows the relationship between collision force, collision duration, and

penetration for a 30,000 ton striking ship and a 120,000 ton struck ship.

Also shYan in Figure B-9 is the force and range of collision durations

used in the preliminary analysis. The relationship between initial velocity,

collision duration, and penetration for constant force collisions is shown

in Figure B-10 and Is independent of ship size. This series of calculations

indicated that elastic energy absorption could be significant; however,

after the completion of the first set of plastic energy absorption calculations,

it became evident that the assumed decelerations were too great and that

realistic structural resistance force3 would provide only a fraction of the

deceleration that was originally assumed. Since a much smaller collision

force implies a much longer duration of the collision to obtain the same

magnitude of hull penetration, the next series of computc. calculations

covered a significantly different range of collision parameters than did

the first.

1 The second group of elastic energy absorption calculations were based

on Information gained from the first plastic energy absorption calculation.

This plastic energy absorption calculation, which provided the collision

force and penetration representative of a T-2 tanker colliding with a

120,000 DWT tanker (operating at an assumed displacement of 120,000 tons)
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in a simple col!siion situation, Indicated that the maximum structural

resistance force generated prior to rupture of the side shell was

approximately 1500 tons and resulted In a plastic energy absorption of

approximately 2400 ft-tons. This energy absorption corresponds to a

plastic deformation of structure of ov=.r 3.0 ft, if a linear force-

penetration relationship is assumed.

For this series of elastic energy absorption calculations, the major

variable was the magnitude and variation of the inertia force contributed

by the acceleration of the plastically !eformed structure and its entrained

mass of .:argo oil and sea water. T;e total impulses used are shown in

Figure t-11. In addition, the local stiffness of the struck ship was

modified 'n the computer idealization to approximate more closely the

stiffness of the ilastically deformed structure. If the structure remained

elastic, the maximum force developed at pen-ttration of 3.0 ft would greatly

exceed 1500 tons. To model the actual transfer of force from the strilng

bow, through local structure, and into the overall ship then required that

the structural stiffness at the collision point be reduced to represent

the resistance to penetration (over the collision time intervl) of the

plastically deformed structure. These modifications were made so that a

comparison could be made between the initial velocity of the striking bow

and the velocity of the local structure near the start of the collision

process. The purpose of the compir!son was to determine which inertia

force augmentation gave a realistic shape for the cola islon impulse, and

thus Identify which elastic energy absorption calculation was the most

va lid.
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As in previous calculations, the elastic energy absorption calculated

In this series of analyses contained en.-gy 4ue to local elastic deformations

as well as that due to the overall elastic deformations. Ir view of the fact

that the local elastic properties now had been radlcally chanqed to slmulate

the stiffness of plastically deformed structure, the need for subtraLzing

the elastic energy absorbed In local deformations from the total calculated

elastic energy absorption became obvious.

A procedure war eevwloped for calculating the elastic energy absorption

In the overall structure that did not Include energy absorbed in local

def, rmatlons. This procedure utilized informetion from the computer-

derived displacement time history of the total response.

For certain tetal force-time histories, the enrgy absorbed in local

deformations could be calculated directli from tF1e local displacements

at the collision location and subsequentiy sbt-rcted from the total

elastic energy absorptions. This was true for cases In which the total

force-time history approximated a constant force collision. For cases

In which the force-time history dlffc;'ed substavclailly from the constant-

force impulse, the force-time history corresponding to a linear force-

penetration relationship unaugmented by local lnerta forces was applied

dire,-tly to the ma!n hull structure of the struck Citp and the e~astic

energy absorption was detern:wined. This procedtjre ignores the effects cf

local structure in transmiktlng the appoied force-time history to 'he

overall structure and assumes thet the main effect is the diff.arence

caised b. ocal inertia forces.
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When the local energy absorption was removed from the total energy

absorption in the above manner, the remaining energy absorption which

could be attributed to elastic deformacions of t.he overall ship was

found to be negligible. 3
These calculations were performed for three assumed collision situations

representative of a T-2 tanker colliding with a much larger tanker operating

at a displacement of 120,000 tons. The three collision situations correspond

to (1) 1" MS single skin, struck at web, 150 bow rake, (2) 1" MS single skin,

struck between webs, 150 bow rake, (3) 1-3/8" MS single skin, struck between

webs, 150 bow rake; however, the values used were from preliminary

calculations of plastic energy absorption.

The force-penetration h'stories as calculated in the plastic energy

absorption an-lysis for these three collision situations are .,ummarized

in Figures B-!2, B-13, and B-14, and were derived before finalization

of the plastic energy absorption analysis procedure.

A summary of re. ul.s for the zalculations* performed on the last of the

above col?!sion situations !s presented in Table B-1. The plastic energy

absorbed in this collision was approximately 1350 ft-tons; and, within

*These calulations were based on the force-penetration history from

a calculation based on a prelimina-y plastic energy analysis.
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Long. 6bc Sendi ng Hem. 2 Web F'- me Spa. Damaged Rupture Conditions
NO. Maximum Resistance, Teas. Daiaged 6 ax 4 Web Frime Spa. Dam.

Bending Constant Up Tust, Loth, Defi. Resist. 6-- 62 as Max.
Pfl. ~ 6bc LT When Web (p ' Max. Corr. Resistan

before (P b-Pwf)= Frames Defl. Defl. (Ptm'Pwf)=l
Stiff. E Fanking 4T .. of of 4
Buckling Ebc The Strike- Long. Web - (6-62

Yield Frame

incies) (Kips) (Kips), (inches), (inches) (kips) (inch) inch) (kips)

6.03 65 2265 288 30.1 947 36.7 3.3 1051

2 6.03 64 2190 288 19.6 596 26.2 2.4 724

3 5.32 IO8 2185 288 10.0 303 16.6 1 4 461

4 1.36 232 2245 288 O.h - 7.0 o.5 203

Struck *,

Web 787
Frame! 8

Total ___ 3226

INote: Cue to the
150 raked bow of

947k Io1 K the striking ship,
[N1 the incursion at

IIi."RSION (INCHES) a lower longittdinal
starts 10.5" after the
longibidinal aI-ove

S K K441 K

0 6.3" ," .36.7"! - --_ LEVEL Or W6. NO.o 4 Io.

0 .532' io0. K

724K

0 2/ 32 C o3v

tE OP L-.-O- -.. N .

IG.o3" 19.6" 26,0

This resistance, which is from the r,embrane tension in the longitudinally stiffened
plate, is assumred to increase linearly with deflection, but a.l membrane tension re-
sistanc- for 0> 6hc is discounted.

**Shear capacity of the web frrme in the plat" of the strike.

FIGURE 1-12 COLLISION FORCE ON 1.0" M. , oJ.LL HIT AT WEB FRAME
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Long. 6 bc Bending Hem. I Web Frame Spa. Damaged
NO. Resistance, Tens. Damaged 6m =  ax.

Max. Constart Thrust, Lgth Defl. Resistance
Bending up to 6bc' T Lt at =tmDef |. b= E t a Ptm

before b bc First 4T 6m
Stiff. 6bc Rupture
Buckling Lt
(inches) (Kips) (Kips) (inches)l (inches) (Kips)

I 2.74 129 2265 144 14.6 919

2 2.74 128 12190 144 4.1 249

FORCE, kips

INCURSION, inches

_f 919 k

129 k-

[A

- L:vel of Longitudinal No. 1

,249 k

128 k- -Level of Longitudinal No. 2

Y

* This resistance, which is from the membrane tension in the longitudinally

st;ffened plate, is assumed to increase linearly with deflection, but all
membrane tension resistance for 6<6bc is discc,.-iced.

Note: Due to the 150 raked bow of the striking ship, the incursion at the level

of long. No. 2 starts 10.5" after the incursion at the level of long. No. i.

FIRGURE B-13 COLLISION FORCE ON 1.0" MS HULL HIT BETWEEN WEB FRAMES
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Long. 6 bc Bending Membrane I Web Frame Soa. Damaged Rupture Condition,
No. Max. Resistance, Tension Damaged 61 Miax. 3 Web Frame Spa. Damaged

Bending Constant Thrust, Length Def). Resis- -Max.
Defl. up to I T Lt=L 5 When tance* Max. Corr. Resistance
before PbWeb - tm= Defl. Defi. P tM
Stiff.: Ebc Frames 4T6 i of of 4T(6-6

BukigFlanking - Long. Web ___62__

the Sta- Lt Frame Lt
tic Yield

(inches) (kips) (kips) (inches) (kips) (inches) (inches (Kips)

1 3.00 155 2998 144 11.3 £941 21.8 7.0 1233

2 2.98 154 2898 144 0.8 64 11.3 3.6 620

3 3.5 176 2868 144 -- 1.7 1 0.3 use
iota 102

FORCE, kips

INCURSION, inches 94 k i233 k

6 b-30 Sj-11.3" 5 21.8"0

Level of Longitudinal No. 1

0.8"
-154 k ~620 k

-Level of Longitudinal No. 2

*This resistance, which is from the membran~e tension in the longitudinally
stiffened plate, is assumed to increase linearly with d-flection, but all
membrane tension resistance for 6<6 bc is discounted.

Note: Due to 150 raked bow of the striking ship, the incursion at a low.er diag-
onal starts 10.5"1 after the longitudinal above it.

FIGURE 8-14 CPOLLISION FORCE ON 1 3/8", MS HULL HIT BETWEEN WEB FRAMES
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TABLE B-1

ELASTIC ENERGY ABSORPTION CALCULATION, 1-3/8" MS FULL
HIT BETWEEN WEB FRAMES, !5k RAKED BOW

Given: ml ,683.6 Tn-Sec2 900 TonFt max

Ton-Sec
2

=2  6154.0 Ft 3.0 Ft.

M = 6838 Ton-Sec2  P' assumed 0

Ft

COLLISION IMPULSE I II III IV V VI

UN ITS

F Tons 900 900 900 900 qcO 900max

Impulse, Total Ton-Sec 1289 1568 1698 1823 1.;,5 1666
(Assumed)

rz Duration (Eq.B-14) Sec 2.250 2.129 2.075 2.026 2.170 2.145

v1 (Equation B-12) Ft/Sec 2.095 2.548 2.759 2.962 2.560 2.703

(a) Total Work Done Ft-Ton 135.8 290.9 450.3 634.1 335.0 5 4.0
By Striking Ship
(From Computer Output

25 modes)
(b) Work Done On Inertia Ft-Ton 137.1 203.3 238.7 275.3 205.- 23Y..6

+ Resistance (From
Computer Output -
First 2 Modes)

(c) KE (Elast.), Total Ft-Ton -1.3 87.6 211.6 358.8 129.4 283.4
a((,) (b))

(el Work Absorbed in Ft-Ton NIL. 86.6 212.0 358.0 136.9 298.6
Lo'al Deformation
(From Computer Output)

KE (Elast.) Main Hull
a((c) - (d)) - +1.0 -o.4 +0.8 -7.5 -15.2

KEi (Equation B-2) 1500 2219 2,03 3000 2240 25071

(e) KEa (TOTAL) (Eq. B-5) 1350.9 1998 2342 2700 2016 2256

(f) KEa (PLAST.) (Eq.B-11) 1350 1350 1350 1350 1350 13.50i (g K~a (INERTIA &

a RESISTANCE) (b) 137.1 203.3 238.7 275.3 205.6 230.6
,(h) KE a (TOTAL) (COMPUTER -

( K T (f)+(c)+(g)) 1485.8 1640.9 1800.3 1984.1 1685 1864

(h)- (e) 134.9 -357.1 -541.7 -715.9 -331.0 -392.0

CONCLUSIONS: The correct impulse lies somewhere between sh,.czs I and II for the
following reasons:
1. The computer calculated main hull elastic energy (KEa (Elast.)) is

so small for all impulsesthat P can b!. 3ssumed • 0.0. This corresponds to the
initial assumption of P' - 0.0. All impulses pass this criterion.

2. The response velocities of the local structure were close to the
striking ship velocity, vl, for all pulse shapes. All impulses pass this criterion.

3. The computer calculated total energy (h),when compared to the previously
calculated total energy (e),indicates that a pulse shape somewhere between I and Ii
should yield identical values for both.

* Roman numerals refer to impulse shapes shown in Figure B-11.

B-34



the accuracy of the caiculation procedure, all of the elastic energy

absorption occurred as deformation of local struc*ure. The elastic

deformation of the overall ship (with respect to Its own center of gravity)

at the collision location was negligible.

Considering that the stiffness of the local side structure, as

represented in the computer idealization of the struck ship, was modified

to be representative of the stiffness of the plastically deformed structure,

it can be assumed that the energy absorbed in local deformations is a partial

duplication of the separately calculated plastic energy absorption. The

plastic energy absorption calculation does include a small amount of local

elastic deformation.

The resuits of the elastic energy absorpcion calculations for all three

of the above collision situations indicate that either the collision force

is too minor to excite significant elastic response or that the collision

durations are too long with regard to the fundamental frequency of the ship,

or both. Compared to the plastic energy absorbed in penetrating to the

verge of rupture, significant elastic energy absorption can only occur

If a much higher collision force can be generated by the resisting side

structure of the struck ship.

-4. CONCLUSIONS

The conclusions to be drawn from the elastic energy absorption analyses

described herein, are limited by the assumptions made with regard to the

separate calculation of plastic and elastic energies, by the simplifications

incorporated in the dynamic analysis computer program, and by the structural

characteristics of the tanker that was chosen to represent the struck ship.

Nevertheless, the evidence seems very substantial that the collision energy

absorbed In elastic deformations of overall ship structure will be

negligible for all practical coillison situations.
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For the elastic energy absorption to become significant, the struck

ship must have exceptionally strong local side structure, so that high

collision forces are generated and so that the striking ship is brought

to rest in a period of time that is sul.tantially sbowter than the

fundamental period of transverse vibration of the struck ship. The side

structure of tanker investigated in this study did not come close to

providing the necessary resistance to collision.
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NOMENCLATURE

a = stiffener spacing, or the actual width between two specific
reference lines

b = effective design width of a plate, except for the flange of a
stiffener, for which O.5b Is the width of the outstanding leg,
measured from the center of the web

c = speed of sound in material

d = depth of the web of a stiffener flange or clear depth of web plate

d, = depth of the hull plate cross section that is assumed to be uniformly
stressed in compression at au.

d, = distance traveled by striking ship during collision

d2 = distance traveled by struck ship during collision

e - membrane-tension elongation

et = total membrane-tension elongation of a stiffened-plate T-beam

h = E/Et

kf = foundation modulus

ml - effective mass of striking ship (including added mass of water)

m2 - effective mass of struck ship

p = penetration (relative movement of ship's centers of gravity
during collision process)

r = radius

rm = minimum radius of gyration

s = ratio of ch to the yield strain, ay/E
sh y

t = time

tf or t - thickness of a stiffener flange

t or w - thickness of web of a stiffener

v - velocity

vj = velocity of striking ship at beginning of collision process

V2 = 0 - initial velocity of struck ship

vf - final velocity of both ships Preceding Page blank
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u*1

x longitudinal distance tcward the load from a point of tangency
where a straight-line portion meets the curved portion of the hll
plate, in the vicinity of the load

y = lateral deflection relative to a horizontal line through
a point of tangency where the two straight-line portions
meet the curved portion

Xm' y maximum value of x and y, respectively, in the hull plate
at the centerline of the load

A, B and k material property constant relating to when buckling
or rupture will occur during plastic bending

A area of stiffener flange
f

A = cross-sectional area of T-beam
s

A = area of stiffener web
w

C = spring constant for lateral restraint, expressed as a force
per inch for member per inch of lateral movement of the member

C' = a constant greater than zero, reflecting lateral restraint to
axial buckling

D = tension-test ductility in a 2-inch gage length

E = modulus of elasticity

Ebc = maximum value of bending plastic energy in stiffened-plate
T-beam unit, occurring when a longitudinal stiffener flange
buckles or ruptures

Ed = membrane-tension plastic energy in deck

E t = membrane-tension plastic energy in ship side

E = in-plane shearing plastic energy in web frameps

Et = tangent modulus

F = force

FR = force required to propagate longitudinally the yield line at the strike

I = moment of inertia about the axis of bending

K = constant

K = c/
a r

K e ratio of strain in the web frame spaces adjacent to the undistorted
e web frames or bulkheads bounding the damaged length to E

r

KE f initial kinetic energy

KEf - final kinetic energy
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KEa absorbed kinetic energy KE -KEf

L - length or distance along'a I-beam

L' = distance froin load to nearest support for a right-angle coif.sion,
or distance from load to supoort behind the load (in direction
opposite to longitudina" direction of strike) for an oblique collislon

L - = Lt- LA

Lc  - length of an axially loaded member between points of inflection

L d = length of damage; between undistorted web frames or bulkheads, measured
-; in longitudinal direction

Leq equivalent length of plating compressed by the collision force

L = space between two consecutive web franes
S

Lt = value of L when the length of damage is only one or two spacesbetween weg frames

L = vielded length of flange at beginning of local buckling of a
Y stiffener flange

HI
; M = ml + m2

H - maximum moment
0

M = plastic bending moment in a stiffened-plate T-beam
p

N = normal force

P = maximum penetration or concentrated lateral load

P = load on a stiffened-plate T-beam that will occur drir:g plastic bending

P = crushing load
c

P axial load capacity
m

P t= a maximum velue of the load on a stiffened-plate T-beam that
tm will occur ouring membrane tension

Pwf load exertcd by the most highly strain~ed stiffened-plate T-beam
on a web frame at the instant that the web frame yields or buckles

P = concentrated radial load
y

PE = static Euler load
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R (with number radius or ratio of force (shear, moment, or thrust)
subcript) within a web frame, subjected to a given lateral load,

to the ultimate force required to fail the web frame.
Rm = maximum value of R (with number subscript)

T - total membrane-tension thrust in a stiffened-plate T-beam after yielding

= duration of collision process

V = shear in a stiffened-plate T-beam

V = ultimate shear in web frame
P
6 = a specified lateral deflection; also, the deflection of the centroid

of a stiffened-plate T-beam

6bc = maximum value of 6 during the bending phase for only or.e or two
web-frame spaces damaged

6 = maximum value of 6 during the membrane-tension phase for only ore
or two web-frame spaces damaged

6 = maximum normal-to-plane deflection of a web plate

6 = value of 6 at the instant of rupture, during the membrane-tension

phase, when only one or two web-frame spaces are damaged

C = average longitudinal strain in hull throughout the damaged length

cc = longitudinal compression strain that results from elastic bending
of the entire shi'p cross-section

C, = average strain over L-

C = maximum bending-plus-membrane-tension strain at hull rupture
mD

C = 0.10 ( -D

r 32%

c = theoretical bending strain in the flange of a longitudinal stiffener
s when it buckles near a web frame support

C strain at onset of strain hardening

C = Euler strain
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0 = portion of the bend angle betweei, a straight-lire portion of the hull
and the iocation oi maximum curvature at the midpoint of a sharp bend

= a gle change In stiffened-plate T-beam at end of Lt that corresponds
to buckling or rupture of a longitudinal stiffener flange

A - length of a flange buckle wave

4 kf

OtV= tension-field tensile stress at ter.:,on-fieid yielding

S= tensile strength

ay = yield strength

O. (O y + au) = Average Plastic :tress

= a' = Average Elastic Stress

F o= Euler buckling stress

a angle of collision measured =tom the struck ship undeformed side shell
banind the strike point to the centerline of the striking ship

y = snearing strain

Y= total shearing strain up to tension-field yielding

ye portion of ye due to straining up to elastic shear buckling

Ye portion ofy due to straining between elastic shear buci.ling and
tension-fiel yieldinq

Ym maximum shearing strain before unloading

Tcr. elastic shear buckling stress

T = shear yield strength

= dynamic similarity number

w = fundamental frequency of the plate

u = mass density of the material
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1. INTRODUCTION

The purpose of this report is to ),rovide an a- in understanding the

Collision Anaiysis Procedure presented in the re'.ort, "Tanker Structural

Analysis for Minor Collisions" (U.S. Department of Transportation -

U.S.C.G. report, prepared t; M. Rosenblatt & Son, Inc. and IU.J. Ste.el Corp.,

MR&S Report No. 20:-7. 18, December 1975). Herein !. presented a *step-by-

step calculation procedure form of the Collision '...alysis Procedure that

can be easily followed.

The assumptions ard limitations of the Collision Analysis Procedure

are ncted in the above referenced report. It is of value to note a few

of the more important here. First, the plastic analysis procedure

employs a static analysis, which is an obvious simplification of the

dynamic phenomena of collision; second, although means of analyzing

striking ships with non-rigid bows were explored, the procedure still

assumes rigid bows; third, Lhe possibility of d'namic tearing or

puncturing of the shell prior to rupture is neglected.

The actual use of the procedure is illustrated herein by application

to the following six different collision .ases:

Case #1 1" MS Single Shell Ship, Struck at Right-

Angle by a 150 Raked Bow Ship

Case #2 1" MS Single Shell Ship, Struck at Right-

Angle by a 150 Raked Bow Ship

Case #3 1-3/4" MS Single Shell Ship, Struck at

Right-Angle by a Vertical Stem Ship

PReceding page blank
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Case #4 1-3/4" MS Single Shell Ship, Struck at

Right-Angie by a 150 Raked Bow Ship

Case #5 1-3/4" MS Single Shell Ship, Struck at

Oblique Angle by a Vertical Stem Ship

Case #6 " MS + 3/4" MS Double Shell Ship, Struck

at Right-Angle by a Vertical Stem Ship

It should be noted that the calculation procedure is not intended

for use in the design or evaluation of a tanker to withstand collision.
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r - COLLISION ANALYSIS PROCEDURE

2.1 Input Information

The following information Is required for the calculation of

plastic energy absorption of a minor collision.

2.1.1 Data Pertaining to the Struck Ship

2.1.1.1 Configuration

(1) The principal dimensions and draft of

the struck tanker

(2) The web frame spacing and the number of

web frame spaces between two consecutive transverse

bulkheads

(3) The midship section

2.1.1.2 Collision Condition

(1) Angle of strike - right-angle or oblique

collision

(2) Location of strike - the location of strike

as related to web frames and bulkheads

2.1.2 Striking Ship

Only the bow configuration and draft of the striking ship

are needed for the calculation.

2.2 Flow Diagram

The flow diagrams shown in Figures 2-1 and 2-2 indicate the sequence

of the Step-by-Step Calculation Procedure.
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I - INPUT I NFORMAT ION

' i ANIALYZE THE PLASTIC BENDING OF THE LONGITUDINALLY
--- "STIFFENEI HULL FOR ONE OR TWO WED FRAME SPACES DAMAGED,

OPTION (D (LIKELY FOR BAR STIFFEN- CALCUIATE DEFLECTION & LATERAL FORCE Pb 1
ERS BUT UNLIKELY FOR ANGLE STIFFENERS] ACTING ON LONGITUDINALS DUE TO BENDING
RUPTURE OF STIFFENED HULL PLATES DUE
TO STRAIN HARDENING j_...._ _ _,_,I PERFORM WEB FAME STRENGTH ANALYSIS,

COMPUTE STIFFENED SHELL PLASTI DETERMINE BENDING, SHEARING, COMPRESSIVE

BENDING ENERGY ABSORPTION ONLY £ CRUSHING STRENGTH OF WEB FRAMF, FIND THE
MAXIMUM FAILURE FACTOR A DUE TO Pb/2 +
Mp/Lt ON THE ldEB FRAME DETERMINE Pp tPwf

OPTION ® BUCKLING OF A LONGITU- OPTION (UNLIKELY) WEB FRAME FLANKING
DINAL STIFFENER, STIFFENED SHELL THE SRIKE YIELD OR BUCKLE, STIFFENED SHELL
PLATES UNLOAD IN BENDING & IM- PLATES CONTINUE TO BEND PLASTICALLY

MEDIATELY RELOAD IN PLASTIC MEM-
" t ~BRANE TENS IONII.

zCALCULATE LTERAL DEFLECTION & OPTION (j) BUCKLING OF A OPTION T RUP-

jCA!C° LE tACTING ON LONGITUDINALS LONGITUDINAL STIFFENER, TURE OF STI FFENED
FORE T TSTIFFENED SHELL PLATES SHELL PLATE DUE
2MJ M ESIONOUNLOAD IIV BENDING & IM- TO BENDING (MOST

[MEDIATELY RELOAD IN PLAS- LIKELY)• , TIC MEMN E TENS:oN ..PERFORM WEB FRAME STRENGTH ANALYSIS,

DETERMINfi BENDING, SHEARING COMPRES
lYE & CRUSHING STRENGTH OF WEB FRAME,
FIND THE MAXIMUM FAILURE FACTOR Rm COMPUTE STIFFENED SHELL PLAS-

DUE TO Pm/2.ON THE WEB FRAME .|ITIN1IJ;IG ASAT. E SHEA-J

OPTION T SrMr BY VERTICAL OPTION (DITRIKE BY RAnE OPTION 6 RUPTURE OF
BOW SHIP - BoW SHIP, FLOW DIAGRAM STIFFENED SHELL PLATE

CONTINUED, IN FIG. 2-2 NIDUE TO MEMBRANE TEN-IEB FRAM, FA L~---- -IIO(

DETERMINE PWf" Pt /2R" m COMPUTE STIFFENED
w SHELL PLASTIC BEND-

SrI'FFENED SHELL PLATE CONINUES TO STRAIN ING & MEMBRANE TEN-
IN PLASTIC MEMBRANE TENSION UNTIL RUPTURE SION EVERGYAISOkPlIO

DETERMINE NUNBER 0 DAEGED WEB FRMES

COMPUTE STIFFENED SHELl. P TIC BENDING, MEMBRANF TEN-
SION, WEB FRAME, SHEARING & DECK MEMBRANE TENSIN
ENERGY ABSORPTION

FIGURE 2-1 COLLISION ANALYSIS PROCEDURE, FLOW DIAGRAM
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OPO O T TIIK Y AE o w

L( OPIO AX. FAILURE FACTOR9 * O ' I NX. FAILURE FACTOR Rm

R BASED-ON CRUSHING STRENGTH OF BASED ON BENDING OR SHEARING OR COMPRESS-
R FRAME STRIVE STREENGTH OF THAUE WEB FE

i 7_71. aP"J1)1/B

COMPRESSIVE CRUSHING STRENGTH DETERMINED PREVIOUSLY. FIND
THE MAX. FAILURE FACTOR m DUE TO REVISED Pt/2 ON THE WEB FRAME.

AOPTION Ls MAX. FAIOLU A
URE FACTOR P_ BASED ON ACTOR OFBASED O BENDING
CRUSHING STRENGTH OF DR SHEARING OR COMPRESSIVE

THE WEB FRAME STRENGTH OF TH" WEB FRAME

DETERMINE P -P 2R DETERMIN

SHELL PLATE COPTINUES TC ,'NAIN IN PLASTIC

MEMBRANE TENS;ON UNTIL IP ',iAE

[rDETERMINE NUMBER OF DAI+ktE.. %2111 FP SI

COMPUTE STIFF r') SOELL P-ASTIC
BENDING, MEMBRANE TEN3is. WEB
FRAME SHEARING & DECK /MCBRANE
TENSION ENERGY ABSORPTION

FIGURE 2-2 COLLISION ANALYSIS PROCEDURE

FLOW DIAGRAM FOR SHIP STRUCK
BY RAKED BOWi SHIP
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2.3 Step-by-Step Calculation Procedure

(1) Hake a Aketch which shows the principal characteristics pertaining

to the struck ship and the striking ship (see page 3-2 for example).

(2) Shot the geometry of the collision and scantlings of the struck

ship section (see page 3-3).

(3) Provide the physical characteristics and properties of the shell

longitudinals (page 3-4) which Include:

(a) Basic dimensions of the shell longitudinals.

(b) Sectional area of longitudinals with portion of shell pl3te -

A (in2). Use Figure 2-3 to determine effective width of stiff-
s

ened plate. However, the effect!ve width is ,ererally equal

to the longitudinal stiffener spacing.

(c) Moment of intertia Qf longitudinals with portion of shell

plate - I (in4).

(d) Breadth of flange of T-beam or two times flanges of angle

beam - b (in).

(e) Thickness of flange - tf (in).

(f) Breadth - thickness ratio - b/tf.

(g) lepth of web cf longitudinal - d (in).

(h) Breadth-depth ratic - b/d.

(4) Assume only one or two (oniy with strike at a web) web frame spa.es

damaged. Analyie the plastic bending of the longitudinally stiffened shell

plate (see page 3-5) as follows:

(a) Determine the yielded length of flange at beginning of local

buckling from Figure 2-4 - L (in).
y

(b) Determine the distance from the load to the neer it support

for a right-angle collision, or distance from the load to the support behind

the load (in the direction opposite to the longitudinal direction of the
~strike) for an oblique collision - L' (in).



REFERENCE: jAISI SPECIFIjATION
FOR THE DES iGN OF COLD-FORMFI D1 c
STEEL STRUC-111URAL MEMBERS: 1968 ___

I;0

50 ksi
y

- =

b222

NOTE: b a To the Left
of The Circled Points

304

t -Thickness
a -Stiffener !pacing
b - Effective lesign Width

VL

225 50 75 100 12" 1jC17

FIGURE 2-3 Chart for Determining Effective Width of

Stiffervda Plate in Axial Compression
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b/2 b

d1w di w

L = Yielded Length of Flange
Beginning of Flange Local Buckling.

'bid
bt wd *t 0,4

L = 1.42(-)(-- )
0.6

30, 0.8
1.0
1.2

20 -

10

10

0 2 4 6 8 10 12 14 16 18 20

b (in)

FIGURE 2-4  Charts to Determine Yielded Length of Flange

at Beginning of Local Buckling
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2L 2L
(c) Calculate the values of Y and -L 

y ' '

L' 2L + LA

(d) Calculate the values of constant A and constant B:

2L y L" )  52.2t 2x I yA= ( 2L O.___b __)-(i--

2L + L u
y b .5b y

(e) Calculate the rotation capacity constant k with

es ha /E () B(2E t

The values of 'sh and E may be obtained
aE
y t

fre , Table 2-1.

(f) Calculate or obtain the plastic curvature M /EI from

Figure 2-5 by entering the overall depth of the

longitudinal.

(g) Calculate the capacity of plastic rotation angle 0 :

M LA
p = k ( P )(T ) •
p El2

(h) Calculate the bending deflection capacity oc

6bc 6 p x L'

(I) Calculate the plastic bending moment M

M
M= P) El

p El
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Table 2-1

MATERIAL PROPERTIES TYPICAL OF STEELS

WITH YIELD STRENGTHS OF 35 AND 50 KSI

Yield Strength Yield Strength
Description Item Gy = 35 ksi ay = 50 ksi

Tensile Strength au 65 ksi 75 ksi

Strain-Hardening Strain C sh 0.014 in./in. 0.021 in./in.

Modulus of Elasticity E 29,000 ksi 29,000 ksi

Tangent Modulus E 900 ksi 700 ksi

t
[ F sh

Factors in Equation a 11.6 12.2
for K

E/2E t  16.1 20.7

Average Plastic-Range (a + a )/2 50.0 ksi 62.5 ksi
Stress '

Plastic-Range (a + au)/2a 1.43 1.25

Stress-to-Yield Ratio y U y

Shear Yield Strength T 20.2 ksi 28.9 ksi
y

Maximum Shear Ym 2(csh + 0.0947 rad 0.1134 rad
Distortion for
Plastic Energy - a

u y

Et
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(I) Calculate the plastic bending energy capacity Ebc

E L' a + ab= 2M p (1 + -T-) ( Ya u )Ebc= 2  (10)~ 2~

a +-aThe value of ( )
20 u ) may be obtained from Table 2-1.
y

The total plastic bending energy In the longitudinally

stiffened side structure !s then determined by summing of

these values for each longitudinal. If the deformation of

the longitudinal, 6, is less than 6bc' the plastic bending

energy is

Ebc = Ebc
6be

(k) Calculate the lateral force required for bending only:

Eb resistance of web frame

b 6 b e directly at strike if any6bc

The forces on the webs at each end of Lt are:

+ ii PbL +
P bL - + M p and L

Lt Lt

to the nearest and farthest flanking the strike respectively.

It is unlikely for actual ship structures that the

forces on the web frames at the ends of L due to bending

are la-ge enough to cause failure of the web frames, as

Indicated in Figure 2-1. For this reason the analysis to

follow If they do fail is not described in detail here.

If it is suspected that the forces developed are large

enough to cause failure of the web frames, the procedure
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for web frame strength determination presented in step (7)

should be followed using the'forces on the webs determined

above. Then the sequence of steps given in Figure 2-1

shou!d be completed (longitudinal bending over a length

greater than Lt).
t

(5) Assume only one or two web frame spaces damaqed. Analyze

the plastic membrane-tension action of the longitudinally

stiffened side plates as follows (see page 3-6):

(a) Enter er = 0.10 - for strain limit within the

longitudinal length Lt

(b) Calculate the membrane-tension deflection capacity

for the longitudinally stiffened side within the

length Lt for the purpose of determining the maximum

deflection of the most highly strained T-beam (assume

C =0):

/ 2LL" WLe + L'' + Ltec )+ % :2

6tc "L r

E, = average strain over L-

(c) Calculate the average membrane tension force:

a + a
T A s ya Y( 2a

(d) Choose the values of 6 to match the striking bowm

configuration. The values of 6m are limited to 6tc.

(e) Calculate the lateral force due to membrane-tension only:

T- L 6 *t m

Ptm !.'L-

2-11
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(6) Analyze the bending, shearin-, compressive and crushing loads

due to membrane tension force,; acting on the web frame (see

page 3-7), assuming only I or 2 web frame spaces damaged.

(a) Make a sketch which shows the impos-d lateral loads

T6 T6Sor m

acting on nearest and farthest .'b frame from strike

rspectively, within Lt.

(b) Calculate the bending moment, shearing, compressive and

crushing force at each shell longitudinal (see pages 3-8

through 3-10).

(7) Analyze the strength of web frame as follows:

(a) Bending ,.trength calculation (see pages 3-95 through 3-97)

(i) Determine the effective breadth of shell plate, b, from

Figure 2-3 by entering with a/t and aY

(ii) Calculate the section modulus of the longitudinal with

an effective breadth of shell plate.

(iil) Calculate the bending strength, MIf (in kips):

MIwf , S.M. x a x factor for plastic bending

(factor for plastic bending - 1.12 for I Section).

(b) Shear strength calculation (see page 3-98)

(I) Obtain the critical elastic shear buckling stress Tcr

of web frame from Figure 2-G by entering with d/t and d/a

(ii) Calculate y - 0.58ay

(iii) Determine the tensile stress aty at tension field

yielding from Figure 2-7 by entering with 'Tcr and y

(for Tcr < T y only).

2-12
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FIGURE 2-6 Chart to Determine Web Frame Critical Elastic

Shear Suckling Stress
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(iv) Calculate the shear strength V .
P

Fort < T:
cr y

V -T .d.t + (aty sin ycosy )-t(d -a tan6Vp ycrty 2 os)t( -a an)

The value of aty siny cos r can be obtaincd from

Figure 2-7, and 0 - tan "1 A .
a

Fort > T:
cr y

V - T dt
p y

(C) Compression strength at strut of web frame (see page 3-99)

(i) Calculate the slenderness ratio L c/rm of the strut.

(11) Determine the thrust-area ratio P /A from Figure 2-8.m c

(iii) Compute the compression strength P of the strut.m

(d) Crushing strength at web frame stiffener (see page 3-100)

(I) Determine the effective breadth b from FigLre 2-3 by

entering land a where a Is stiffener spa:ing.

(i) Calculate the slenderness ratio of the s-iffener Lc/rm.

(IiI) Obtain Pm/Ac from Figure 2-8 by enterIng Lc/rm and y

(iv) Calculate crushing strength P of the web framem

stiffener:

Pm (Pm/A )-A

m mc c

(8) Based on only one or two web frame spaces damaged, computi the

factors R (imposed lateral load of step 6 divided by web frame capacity

for resisting the force) given in Figure 2-9 (also see page 3-11).

R is the maximum value of R.
m
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( ) ( ------ FORCES (Pt /2)-0 FORCES (Pb/2+M /L )R

-EC p s FROM EACH" FROH EACH DEFOReED

."-T-BEAM _E EDDEFORMED T-BEAM

, -

"LATERAL FORCES FROM
_/N11 .STIFFENED SIDE PLATES

STRESSED ONLY IN BENDING LATERAL FORCES FROM
STIFFENED SIDE PLATES

STEPS IN DETEKMINING FORCES Pwf FROM EACH STIFFENED STRESSED ONLY IN MEM-

IDE PLATE T-BEAM, STRESSED EITHER ONLY IN BEADINGOR BRANE TENSION AT THE

ONLY IN MEMB,%ANE TENSION, SUFFICIENT TO INITIATE WEB YIELD STRENGTH

FRAME FAILURE :

1. DEIL:; MINE:

R- THRUST IN STRUT (&em R2  THRUST IN STRUT(P m  R THRUST IN STRUT

R MOMENT AT (D)/mpwf R5 - MOMENT AT 0 /Mpwf R6 -MOMENT AT ()/M pwf

R7 - MOMENT AT )/M iwf R8 - MOMENT AT)/Mpwf  R - OMNT AT(@/Mpw f

R1O., TRANSVERSE SHEAR AT ®/Vp AI T R I-TRANSVERSE SHEAR AT , /Vp AT ()
R12' TRANSVERSE SHEAR AT )/Vp AT (J) R 3-TRANSVERSE SHEAR AT -) /Vp AT j)

NOTE: Mpw f - PLASTIC MOMENT CAPACITY OF WEB FRAME AND SIDE PLATE

P - COLUMN ACTION STRUT CAPACITY

II. SELECT R THE MAXIMUM VALUE OF R. FOR EACH T-BEAM Pwf IS COMPUTED:

FOR STIFFENED SIDE PLATES STRESSED ONLY IN BENDING, Pwf-(Pb/2+Mp/Lq/Rm

FOR STIFFENED SIDE PLATES STRESSED ONLY IN ME:IBRAE TENSION,
Pwf(Pt /2)/Rm

FIGURE 2-9 Analysis of L,, iral Forces Suff~cient to Initiate Web Frame Failure
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(9) Compute the actual damaged length

(a) If Rm < 1.0 the web frames flanking the strike do not

distort, and the damaged ler does not exceed one or two

web frame spaces.
T6 TS

(b) Otherwise, calculatePwf from the value of m or

and the corresponding Rm from (8).

T6 T6

PWf L or .

(c) Compute the number of web frames damaged

n + m where: n - integer > CRm, 1)

m - integer > (Rm,,1- 1)

d) Select the actual number of web frames damaged in accordance

to the location of strike relative to adjacent bulkhea4s.

(10) Based on the actual damaged length, analyze the plastic membrane

tension action In accordance with Figure 2-10

() Develop an equation for 6 In terms of Pf' V, L-, c

Lda, Ldb , Ta, Tb and Lt in accordance with Figure 2-10. Note that

in the example calculation the equation for 6 is In terms

of 61, defined as:
PfL

6 - t
1 2T

(This intermedia.e variable 61was omitted from Figure 2-10

by suitable algebraic substitutions.)

2-18



(b) Compute 6, average strain e, max',hium bend angle and E1

(see pages 3-101 through 3-104).

(c) Calculate et and plastic membrane tension energy Emt

according to Figure 2-11.

(I1) For collision analysis with a raked bow striking ship, the flow

diagram of Figure 2-2 is to be followed (see pages 3-19 and 3-20).

(17) For an oblique collision calculate the energy absorbed in a

traveling plastic. hinge (see page 3-67).

() Calculate the longitudinal resisting force

j d o R 2 d- 0.5tf o RFR = -.- dtw( " -- Y-- ) + tf(b - tw ) (  d dE )  (kips)
R RIdt( dE wfd

where R is the radius of the striking bow.

(b) Calculate the energy absorption due to FR as:

F R 6/tan a (in-kips)

where a is the collision angle.

13) Calculetp the shear energy absorbed by distorted web frames

(see page 3-12)

E = R (adt) (Y-ye)(T +Oty sin -cos 2 ) (for T )
p5 s e cr ty c!2 cr y

T

E = (adt) ( y - 1y,15 ) (Ty) (for T > r )=s 1,50 ycr y

where a, d, and t are, respectively, the panel length, depth,

and thickness, as shown in Figures 2-11 and 2-12, and Rs is

proportion of web plate that is plastically deformed during

in-plane shearing failure.
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Bow of Striking Ship

CL

L-CL - uer panel

0!

Forefoot of Bow of
Striking Ship

C

L,'/Y (Ier rane1)

3d

Limit of Shearing Plastic Energy

TRANSVERSE SECTION AT WEB FRAME

Figure 2-11 Plastic Energies Associated with Given

Web Frame Distortions for Raked

Striking Bow
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Bow of Striking Ship

Stu

Limit of Shearing Plastic
Energy

Bow of Striking Ship

Limit of Shearing Plastic

Energy

-d

TRANSVERSE SECTIO14S AT W B FRAME

F IGURE 2-12 Plastic Energies Associated with Given Web

Frame Distortions for Vertical Striking Bow

2-22



(14) Calculate the plastic membrane tension energy due to deck

deformation (see page 3-13).

(a) Using the maximum deformation computed in 9(f) above,

determine the number of deck longitudinals damaged:

6

Spacing of deck longitudinals

(b) Compute the average strain and energy absorption for

each deck longitudinal together without the effective

breadth of the deck plate. The average strain is assumed

equal to that in the sideshell longitudinal adjacent to

the deck as calculated in 9(f) reduced by the square of

the ratio of the deck longitudinal overall deflection (i.e.,

its maximum inboard deflection) to the overall sideshell
longitudinal deflection.

(c) Summarize total deck energy absorption.

(15) The ductile tearing energy absorbed by the outer shel! of a

double shell struck ship.

(a) Calculate the outer shell ductile tearing energy as:

vertical side shell length x side shell thickness x

12 (in-kips)

(b) Calculate the deck ductile tearing energy as: (maximum

lateral deflection at deck + distance between outer and

inner shell)x deck thickness x 12 (in-kips) (This assumes

that when the outer shell tears, the deck will do likewise up

to the inner hull.)

2-23
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DEFLECTIONS AND STRAINS

The geometry and strains given on page 3-104 must be viewed in light

of the assumr:tions of the procedure.

Using Case 1 as an example, if the strains within the damaged web frame

spaces are computed, based on the calculated deflections and intact web frame

spacing, the following results:

e = elongation in half of struck web frame space

2 2
6 - wf1 )  (193.08 - 152.10) = 11.66

L 144
s

11.66
max 72 0.162

2 2

(6wfl - 6 wf) (152.10 - 87.58)
= 'f 2L -- 2= =4 14.45

3 2L 2 x 144-
s

14.45
3 =  144 = .1004

and similarly, C2  .062 and Ec = .033, so that in comparison,

From Calculated
Cas- I Page 3-104 Above

.100 .162
max

C3  .03066 .1004

E2  .07381 .062

.06949 .033

3-105



-7 -712 , -'7 - ---- 7-1-7711"Y7

The method used to calculate the strains above is not consistent with

the procedure ez:sumptions, however, and it is for this reason that "apparent

strains" greater then the maximum allowable of .10 occur.

The assumptions of the procedure include fore and aft movement of the

web frames once they distort. Therefore the original intact web frame

spacing cannot be used to correctly calculate strains. Precisely, the web

frames of Case 1 move the distances shown below in the fore and aft direction;

and the resultant actual strains are those given on page 3-104.

-- - - ---------- ..-- - -

/
141 15104 14. 160

FU

I ~4 144. 4-

ACTUAL DISTANCE BETWEEN WEB FRAMES AFTER DAMAGED

3-106



It is of interest to note that the actual values of el and c2 are

larger than the apparent as a result of increased stretching in these

web frame spaces while for the web frame spaces closer to the strike

the actual is less than the apparent.

3 1
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1. INTRODUCTION

During the course of the project on the Evaluation of Tanker

Structure in Collision (1,2)* investigations of actual collisions were

performed in order to determine the validity of many assumptions which

were made.

The objectives of the inspections were to obtain first-hand knowledge

of the collision condition, the structural failure mechanisms, and extent

of damage. The knowledge gained from the actual collisions was to be

incorporated in the plastic energy evaluation procedure as judged

desirable.

Although only six cases of collision damage were available for

inspection, the information gained was considerable. None of the cases

involved an ocean tanker with minor or moderate damage, and none included

damage of horizontally stiffened web frames, which were of particular

interest for the formulation of the analysis procedure. The six collision

cases that were inspected are as follows:

1. Coflision of a longitudinally stiffened single-hull barge with

concrete dolphin adjacent to railroad bridge pier in the Mississippi River

at Burlington, Iowa. Inspected on October 30, 1971, in Hartford, Illinois.

2. Collision of a longitudinally framed double-hull barge for

compressed chlorine gas with piers on a dam on the Ohio River. Inspected

on May 17, 1972, in Louisville, Kentucky.

3. Collision between two transversely framed cargo ships, the

Aegean Sea and the C.E. Dant. The ships were inspected September 8, 1972,

in Victoria, British Columbia, and Seattle, Washington, respectively.

*Numbers in brackets designate references in the Reference Section.

1i-1 Preceding page blank



4. Collision between a tugboat and a longitudinally framed sulphuric

acid barge. Inspected October 24, 1972, in Edgemore, Delaware.

5. Collision of a longitudinally framed double-hull chemaical barge

with a bridge pier inspected May 30, 1973, in Port Allen, Louisiana.

6. Collision between a longitudinally framed tanker, the Esso Brussels,

and a transversely framed containership, the C.V. Sea Witch. The ships were

inspected June 28, 1973, in Hoboken, New Jersey, and New York, New York,

respectively.

1-2



2. OBSERVATIONS

2.1 Overall Extent of Oarrage

The I)ngitudinal extent of damage appeared to be somewhat

limited in two cullisions (Nos. 4 and 6), but to be of the general

magnitude expected of longitudinally framed ships in three other collisions

(Nos.1,2,and 5), although theoretical calculations were not made for

direct comparison. Collision No. 3 was between two transversely framed

ships; the apparent "brittleness" of that particular collision in

comparison with Collision Nos. 1, 2, and 5 suggests that the damaged

length and the extent of incursion before hull rupture will tend to be

greater for a longitudinally framed ship than for a comparable transversely

framed ship. The limited extent of the damage to the longitudinally-

stiffened shell and outboard structure of the struck ship (tanker) in

collision No. 6 may possibly be explained by the fact that it was an

oblique collision, and the portion of the hull behind the strike, where

plastic membrane tension strains may be expected to occur in oblique

collisions, was rigidly supported during the initial stages of the

collision by a transverse bulkhead. The longitudinal bulkhead was also

ruptured and seemed to have developed membrane tension prior to rupture.

"Hard points," such as the transverse bulkheads and/or strong

web frames that define the ends of the overall length of damage have

a significant effect on limitinn the plastic deformation of a struck

ship. In most collisions, there appears to be more of a tendency for

ruptures to occur at hard points before occurring at the imprint of the

striking bow.
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Considerably more plastic distortion is exhibited in a stiffened

hull that is struck about midway between transverse bulkheads than one

that is struck near to a transverse bulkhead.

The deck and the ship bottom seem to act as "ilard lines" in

resisting side incursions, and ruptures generally occur in the hull at the

deck and bilge elevations. This suggests that the strength of the deck

and the ship bottom in resisting side incursions may have a very significart

effect on collision phenomena.

2.2 Longitudinally Stiffened Hull Plates

At the location of greatest incursion by the striking ship,

the hull longitudinal stiffeners of the struck ship tend to trip and in

many cases, there are ruptures of the welds connecting the stiffeners

to the hull plate. As a result, the bending strains in the stiffeners

are not as great as they would be if the stiffeners remained in their

normal geometric position. Consequently, large incursions are resisted

primarily by membrane tens;on in the side plate and longitudinal stiffeners

and not by bending.

2.3 Deck or Bilge Areas

When the striking bow does not directly bear against a deck

or the bilge area of the struck ship, the deck or bilge area is likely

to survive (without extensive damage) a significant incursion of the hull.

If the deck or bilge area is struck directly or if the struck hull is

extensively damaged, the deck or bilge area will tend to fail by first

forming a series of longitudinal folds (each typically only one or two

feet deep) and eventually forming transverse ruptures across the folds.
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Such transverse ruptures indicate that ultimately the primary strains

in a distorted deck or bilge area are longitudinal membrane tension

strains.

2.4 Transverse Structure

The transverse structure of a longitudinally framed tanker

generally consists of transverse bulkheads and intermediate transverse

web frames. Generally, the transverse bulkheads do not suffer any

significant damage unless the striking ship has actually "plowed"

through them. Conversely, the transverse web systems are generally

quite vulnerable to collisions. Web trusses 3s opposed to web plates

buckle under relatively minor side distortions, without much overall

straining. Web trusses beteren the outer and inner plating of double-

skin ships appear to be particulrly ineffective in causing the two

platings to distort in unison (or parallel) during a collision; web

plates appear to be more effective for causing the two hulls to distort

In unison.

In single-skin tank barges vertical web plates without attached

horizontal stiffeners tend to fail in a crushing mode by developing vertical

folds. In larger single-skin ships vertical web frames with attached

horizontal stiffeners offer significant in-plane resistance to inward

movement of the hull and eventually will fail by rupturing and/or

overall twisting rather than by crushing.

2.5 Oblique Collisions

In oblique collisions the struck hull back of the strike

(shell area transversed by the striking bow) tends to bu in nearly a
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single fiat plane. This indicates that the collision angle (the acute

angle between the centerlines of the colliding ships) tends to remain

practically constant during a collision. Whereas the hull in back of

the strike generally appears to be stretched fairly straight in memorane

tension, the hull ahead of the location of greatest incursion tends to

develop vertical folds. This indicates that in an oblique collision

it is most reasonable to assume plastic longitudinal strains in the hull

in back of but not ahead of the location of maximum incursion.

2.6 Striking Bows

The striking bows generally are relatively undistorted except

where they encounter stiff horizontal resistance at a deck or bilge area

of the struck ship. At such elevations, the horizontal structure of the

struck ship tends to "knife through" the striking bow.
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3. CONCLUSIONS

Analyses of the results of the six ships' collision inspection cases

have brought forth the following generalized conclusions:

(1) The bow of the striking ship distorts significantly only if

it encounters relatively stiff horizontal resistance at a deck or bilge.

(2) The longitudinal extent of damage is the same for the deck, shell

plate, and all damaged longitudinals.

(3) The energy absorption capacity of a longitudinally framed ship

is generally greater than that of a comparable transversely framed ship.

(4) The longitudinal extent of damage is likely to be restricted

between the transverse bulkheads and/or strong web frames,

(5) The deck and bilge area are "hard points" in resisting side

incursion unless the striking bow directly bears against them.

(6) The relative location of strike to the transverse bulkhead

has a significant effect on energy absorption.

(7) For a longitudinally stiffened hull, the collision energy is

primarily absorbed b,- membrane tension in the side shell plate and

longitudinal stiffeners,

(8) For a double-skin struck ship, web plates are more effective

than web trusses for causing the two skins to distort in unison.

(9) In an oblique collision, the angle of rollis!i, remains constant

throughout the collision.

(10) For oblique collisions, plastic membrane-tension stiains occur

in the portion of hull behind the strike.

(11) The damaged deck forms a series of small- ch accordion folds

extending in the longituJinal direction.
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A-1. COLLISION INSPECTION REPORT FOR CASE 1

Longitudinally Stiffened Single Hull Barge

by J. F. McDermott, USS Engineers and Consultants

Barge: BGE-102, with longitudinally stiffened single-hull

plate.

Owners: Marine Transportation Co., St. Louis, Missouri.

Barg. Built: Approximately 2-1/2 years previously at
Nashville Bridge Shipyard, Nashville, Tennessee.

-Towing Vessel: M/V (Motor Vessel) Marine.

Damaged by: Collision with concrete dolphin adjacent to
railroad bridge pier in the Mississippi River
at Burlington, Iowa.

Visited Damaged Barge at: National Marine Service Repair
Plant, Hartford, Illinois,
October 30, 1971. Attended by
R. W. Haskew, Yard Supt.

Local Coast Guard Office: Marine Inspection Office
Second Coast Guazd District
Suite 1118
210 N. 12th Street
St. Louis, Missouri 63101
Represented by
CWO-3 Georqe M. Miley, Jr.
Duty Officer,

External Damage: Approximately 25- by 8-foot area (plate
1/2 inch thick) with approximately 1-foot
indention and an 18-inch horizontal rupture
within a 16- by 4-foot elliptical area, in
the transition portion at the No. 1
starboard cargo compartment.
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Internal Damage: Extensive twisting of longitudinal
stiffeners within three web-frame spaces,
but only one longitudinal stiffener
ruptured; some rupture of intermittent
fillet welds connecting longitudinal
stiffeners to hull plate. Four web frames
dished in (maximum out-of-plane deflection
approximately 1 inch, 4-1/2 inches,
4-1/2 inches, and 3 inches, respectively).
However, inboard flanges of web frames were
not significantly distorted (3/4-inch
maximum out-of-line deflection).

Tentative General Observations:

(1) The maximum permanent set in the hull plate was only of
the order of 1 to 5 percent strain, which cannot explain
the 18-inch rupture.

(2) The longitudinally stiffened hull plate loaded in bending
until the stiffener flanges buckled, then loaded in
membrane tension to result in the final distortion, as
generally predicted by the analysis developed by
M. Rosenblatt & Son-USS Engineers and Consultants.

(3) The web frames folded and crushed, but did not exhibit
any in-plane shearing, perhaps because the stiffener-to-
web frame fillet-weld connections were along the
stiffener flanges rather than along the stiffener webs.

Note: The following twelve sheets are photographs of the damaged barge.
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General view of transverse frame, showini
vertical, transition, and horizontal members.

No..e the predominance of rolling and dishing types of failures.
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Column failures of transverse diagonal struts

and end crippling of transverse horizontal strut.
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Typical rolling b3uckle of longitudinal stiffeflers .
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Transit.ion transverse frame member torn at connection
With vertical member and bent like a buckled column.
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0

Vertical transverse frame member folded in, but with no

app !ciable in-plane shearing or bending. Note that the
longitudinal stiffeners are only connected to the vertical
member by fillet welds on the outstanding legs of the
longitudinal stiffeners. Ncte one longitudinal stiffener
rupture, lower right.
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Typical dishing of vertical transverse 
frame member.

The rupture of one longitudinal stiffener 
is evidenced

by the kink in the foreground.

A-9 

2S2

Io



4V

Rupture of one longitudinal stiffener. The connection
welds are intact foiward but ripped aft, and the longi-

tudinal stiffener is severely rolled.
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I

Horizontal side plate tear about 18 inches long. The
intermittent welds of the adjacent longitudinal stiffener
are ripped, and the longitudinal stiffener is severely
rolled. The vertical transverse frame member is folded
and dished out of plane, ,..t with no appreciable in-plane

-" shearing or bending. There is slight crippling at the
end of the diagonal strut.
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Portion of longitudinal stiffener with connection
welds ripped, between rupture of stiffener and

~tear of side plate.
A-1
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Horizontal tear in side plate near severe
folding of vertical transverse frame member.
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1.

i Severe dishing of vertical transverse frame member, but with

ii no apparent in-plane shearing or bending. Note rip of fillet
i welds connecting longitudinal stiffener to side plate. The

'q- longitudinal stiffener is severely rolled and twisted, but
'" is not ruptured.
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A-2. COLLISION INSPECTION REPORT FOR CASE 2

Dot,ble-HulJ Barge

by J. F. McDermott, USS Engineers and Consultants

Barge: Double-Hull (Originally 175 ft. x 26 ft. x 11 Zt. Single-
Hull) Barge for Transporting Ccmpressed Chlorine Gas
(Original Desiz,, 1957, Revised Design 1967).

Owner: U. S. Army Corps of Engineers

Damaged by- Collision with piers on dam in the Ohio River,
Louisville, Kentucky.

Visited Damaged Barge at: Jeffboat Inc.
JeffersUILville, Indiana
May 17, 1972.

Participants of Uetailed Inspection and Field Measurements:

E. L. Jones, Lt. Cmdr., U. S. Coast Guard

W. P. Chaing, M. Rosenblatt & Son

J. F. McDermott, USS Engineers and Consultants
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Field Data

Figures I to 17, inclusive, are photographs taken May 17, 1972,

of the starboard-side, midship damaged portion of the chlorine

barge. This portion engaged a 5-foot-radius vertical end of a

concrete pier during the time it was caught in the dam spillway.

Figure 18 gives offset measurements made at the time of the photo-

graphs to document the lateral distortions in this damaged portion.

As illustrated in Figures 1 through 18, some pertinent observa-

tions are as follows:

(1) The major portion of the damaged area extended between two

consecutive wing-tank bulkheads, spaced 30 feet apart;

.one wing-tank bulkhead was in line with the main transverse

bulkhead amidships and the other was in line with a web

frame backing up the inner null.

(2) The outer hull plate was ruptured at the center of the

damaged area, (Figures 1, 2, 3, 4, and 6), but not at

the ends of the damaged area (Figures 1, 2, and 3) except

(Figure 7) near the upper portion of the distorted (Figure

8) midship wing-tank bulkhead. The inner hull plate

apparently was not ruptured excepL for cracks near the deck.

(3) Within the central portion of the damaged area, the outer

hull was formed to a cylindrical depression (Figures: 3, 4

and 6), app-rently conforming to the curvature of the dam

pier.
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(4) At various stations, the deck plate ruptured along lines

Lat right angles to the ship side and then buckled into folds.

(Figures 3, 4, and 5). In the central portion of the

damaged area, the average fold height (of five 180-degree

f Lds) was about one foot.

(5) In the central portion of the damaged area, the bilge plate

ruptured transversely and formed one fold (Figure 6), pro-

jecting downward about one foot below the bottom of the

barge.

(6) In the central portion of the damaged area, the longitudinal

stiffeners of the outer hull were tripped, with the outer

.edges of the outstanding legs bearing against the inboard

face of the outer hull plate (Figure 6). However, the

stiffeners were not ruptured at the locations where the

outer hull plate was ruptured.

(7) Instead of ruptures occurring in the stiffeners at the

maximum incursion, as predicted by plastic analysis theory,

premature failures occurred in the end connections to the

stiffeners for both the outer (Figure 10) and inner (Figure

17) hull plates. Also, failures occurred in the butt-welded

joints of the inner-hull longitudinal stiffeners close to the

wing bulkhead (Figure 16).

(8) Many gussetoplates were grossly distorted (Figures 12 and

16), resulting in prying actions at the connections, which

would tend to reduce the strengths of the connections.
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(9) The two wing frames within the area of major damage (Figures

9 and 10) were crumpled beyond any configuration capable of

resisting any significant forces.

(10) Folding action dominated the iistortion behavior of the mid-

ship wing-tank bulkhead (Figure 8), the main midship bulkhead

(Figure 11), and the intermediate web frame which backed up

the inner hull in the damaged area (Figures 13 and 14).

(1,4 The tendency of the web fUames to fold rather than be rigid

allowed the web frames in the damaged area to fold around the

chlorine tank (Figures 13 and 14), even lifting the tank off

its saddle (Figure 15) without puncturing or significantly

distorting the tank. This suggests that the horizontal

crushing (column action) force (computed to be 0.56 kip per

inch of web frame) offered by one intermediate 5/16-inch-

thick web plate on the inner hull did not exceed the force

that would be required to produce inelastic deformation

in the chlorine tank thus iaded.

(12) At the station of greatest incursion, the inner-hull longi-

tudinal stiffeners were severely bent but not tripped (Figure 17).

(13) As tabulated in Figure 18, the inward distortions of the

hull plates were as follows, indicating a very tight fit of

the outer hull against the inner hull over most of the depth

of the barg:

r,
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Maximum Offset, inchesLocation Outer Hull Plate Inner Hull Plate]

Just below deck 70. 8.5

Top lap joint 71 73.2

Midway between lap joints 62 64.5

Bottom lap joint 62 64.7

Bilge 52

Analysis Assumptions Based on Field Data

From these observations, the following empirical assumptions are

derived which are pertinent for approximate theoretical analyses of

the collision:

(1) The radius of bend induced by the long-term contact with

the darm pier should be considered in the distortion geometry.

(2) The structural contribution of the crumpled wing frames

and of the outer-hull longitudinal stiffeners, which

separated from their end connections, can be neglected.

(In fact, if the longitudinal stiffeners had continued to

act monolithically with the outer hull plate, they theo-

retically would have ruptured in the bent portion.)

(3) An approximate evaluation of the retistance of the inter-

mediate web plates to inward movement of the inner hull is

obtained b,' considering the web plates to be stiffened (at

the deck ani bottom) plates in axial compression, with the

axial direction horizontal. For a yield stress of 35 ksi,

?the "effective width" of a 132-inch by 5/16-inch web plate
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is 18 inches, half of which is considered concentrated

near the deck and half near the bottom. Multiplying this

effective width times the theoretical horizontal crushing

force of 0.56 kip per inch gives a total horizontal

resisting force equal to 10 kips per intermediate web plate.

Because this resisting force is relatively small and is

concentrated at the extremities of the web plate, it may

be neglected in calculations of membrane tension equilibrium

of the hull plate.

(4) Because the major portion of the damage is confined between

two consecutive wing-tank bulkheads, it may be assumed

that these wing-tank bulkheads, which are backed up by either

emthe midship bulkhead or a web frame, can resist the load:;

from the hulls.

(5) Because of the transverse cracks and subsequent folding of

the deck and bilge plates, the transverse bending and/or

membrane-tension resistance of those plates very likely

was terminated before rupture of the outer hull. Since the

resistance of these plates to shearing and folding was

relatively small, the resistance of the deck and bilge

plates to incursion may be neglected.

Approximate Theoretical Analyses

With these empirically derived assumptions-pl us the simplifying

assumption that the wing tank bulkheads. spaced at 30 feet, do not

distort or move together by any amount-approximate theoretical

analyses are given in Figures 19, 20, and 21. The /
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analyses are concerned with forces and dictortions, rather than energy,

since the accident was a long-term steady-state phenomenon.

Figures 19 and 20 give the theoretical membrane tension capacities

of the outer and inner hull acting separately. Based on a normal

encounter with the dam pier, Figure 21 gives the theoretical horizontal

geometry and forces in the barge at the instant of rupture of the outer

hull plate. The incursion at rupture theoretically was 52.5 inches.

The 62-inch offset measured at the lower plate lap, Figure 18,

corresponds to an additional incursion after rupture of 9.5 inches,

which ,would cause about a 6-inch separation of the ruptured edges.

Adding a 4-inch spring back (after relief of membrane tension)

gives a predicted opening of 10 inches, compared to a measured

" opening of 13 inches at this location, Figure 18.

The total of the resisting forces offered by the stiffened hulls

(neglecting the resistances of intermediate web plates) at the

instant of outer hull rupture was calculated to be 1970 kips,

Figure 21. To this may be added 1G kips resistance from each of the

two intermediate web frames to give a total resisting force of

1990 kips. However, the maximum resisting force probably was

considerably less because of (1) the distortions of the supporting

midship bulkheads (Figure 8 and 11), (2) the tendency for the

membrane tension in the hull plates to be reduced because of lateral

bending of the entire ship cross section, and (3) the reported list

(about 6 degrees) of the barge against the dan pier, which would

tend to initiate earlier rupture near the deck of the barge.
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Comparison of Double-Hull and Single-Hull Capacities

(In spite of the probability that the forces are thus over-

estimated, the analyses in Figures 19, 20, and 21 afford a com-

parison of the resistances of double-hull and single-hull con-

struction to such an accident. Compared to the resisting force

immediately before the rupture of the outer hull plate (1990 kips),

the maximum resisting force afterwards was theoretically only capable

of being roughly eight-tenths as great (1588 + 20 = 1608 kips), i.e.,

equal to the capacity of the barge as originally constructed with

only a single hull. However, the barge apparently was subjected to

a steady-state loading, without significantly increasing distortions,

for a considerable time after the rupture of the outer hull plate.

This could possibly be explained by a transfer of forces between the

inner and outer hulls by friction, due to the very tight fit between

the hulls at the center of the damaged area.

The forces calculated in the analyses afford an indication of

how the efficiency of a double hull in resisting a normal collision

can be increased b, constructing the inner hull nearer to the outer

hull. Based on the assumptions listed above, the horizontal

resistance up to rupture of the outer hull generally could be

expected to vary from roughly 1990 kips ior the barge investigated

to roughly 1-3/4 times as great (1884 + 1608 = 3492 kips) if the

flanges of the outerghull stiffeners touched the inner hull along

the full length of the barge so that both hulls would be forced to

deflect simultaneously under an incursion.
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General view, looking forward.

Figure 1.
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General view, looking aft.

Figure 2.
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Rupturing and folding of deck plate,
iooking forward.

if~ote hole burned in deck plate,
foreground, to arrest spread of rupture.)

Figure S.
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I

Bottom portion of ruptured outer hull.
(Note that the longitudinal stiffeners are tripped,

with the outcr edges of the outstanding legs
bearing against the inboard face of the outer hull plate;

the bilge plate is folded, projecting about one
foot below the bottom of the barge.)

I Figure 6.
!A-28
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Bend line and plate ruptures of outer hull
just forward of midship wing-tank bulkhead.

Figure 7.
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Crumledwingfrate 1 fet fowar of idsips

lookng ft. Not 90-egre tip i vetica chnnean 90dge oiotlbn nhrIzna hne.
Figure 9
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gusset plate connecting square ends
of longitudinal stiffener angles.)

Figure 10.
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Bent g~asset plates connecting longitudinal
stiffeners to midship bulkhead, looking aft.

Figure 12.
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Web plate 10 feet forward of midshipsI dished 11 inches (in 22 inches), with
inboar4 edge folded to contour of
chiori e tank (about two inches

clenrcince to tank.)

II Figure 13.
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Web plate 10 feet forward of n'ldships
iished and folded, looking forward.

Figure 14.
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II

Forward starboard chlorine tank with two-inch
clearance to starboard edge of aft saddle plate.

(Note vertical bend in saddle.)

Figure 15.
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Inner hull longitudinal stiffener angles
ruptured at welded joint near web plate 10 feet

forward of midships, looking aft.

Figure 16.

oI
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Bowed inner hull plate and stiffener angles in
space just forward of the web plate 10 feet

forward of midships, looking aft.

Figure 17.

$
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Assume average membrane
tension= 50 ksi

L, EZ9,o0o ksL

Assume strain used
up in bending = 1- _.___ _ 0.033
0.004, basid on a Assume strain available
1/2-inch-thick for membrane tension =
plate bending - 0.043.
around a concrete Assume total useful
pier having about strain = 0.047"
a 5-foot radius.

IDEALIZED STRESS-STRAIN CURVE

If.O'Tsin 0 . RX 15' 
9 4 2 k -s E -- oW 0 4 , '

Notes:

(1) The calculations neglect the longitudinal stiffeners, which
did-not rupture where the hull plate ruptured, Figure 6,
and which separated from their end connections, Figure 10.

The calculations are based on the idealized stress-strain
curve.

(2) Bending strains at the bend lines at the ends of the
damaged area are neglected since major ruptures did not
occur at the ends of the damaged area, Figure 1.

15

(3) Average membrane tension strain = Cr cose-5tane+5o-15 0.043
r 15 o

(4) Maximum incursion = A-5+15tanG 5
cose

(5) Total memrane tension thrust = T = 3209K (assuming longi-
tudinal stiffeners have tripped and slipped and deck and
bottom plating have ruptured, Leaving only 37" x 1/2",
68-7/8" x 5/16", and 39-5/16' x 1/2" plates and a 6" x
3/4" rub bar all under an average tension of 50 ksi).

THEORETICAL M4EMERANE TENSION CAPACITY OF OUTER HULL
ASSUMING WING-TANK BULKHEADS O NOT DISTORT

Figure 19
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INNER HULL IgATr <1

OUTSP, HULL. PLATEJ

Noter:

(1) The calculations neglect (a) the longitudinal stiffeners,
which tend to separate from their end connections, Figure
17, and (b) the intermediate web plates near the central
portion of the damaged area, which tend to fail by
folding (Figures 13 and 14). The calculations are based
on the idealized stress-strain curve, Figure 19.

(2) Bending strains at the bend lines at the ends of the damaged

area are neglected as for the outer hull, Figure 19.

15
CoO -5.3tan 8+5.30-15

(3) Average membrane tension strain = .r = .tn15.3e043-l

(4) Portion of incursion extending into inner hull =
5.3

(A-54)=5.3 + 15tanO - cos e

(5) Total membrane tension thrust = T = 2700K (assuming longi-
tudinal stiffeners have tripped and slipped and deck and
bottom plating have ruptured, leaving only a 132" x 3/8"
plate and a 6" x 3/4" rub bar under an average tension of
50 ksi).

THEORETICAL MEMBRANE TENSION CAPACITY OF INNER HULL

ASS11MING WING-TANK BULKHEADS DO NOT DISTORT

Figure 2 0
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Notes:

(1) It is assumed that the wing frames are completely crumpled,
offering no significant resistance.

(2) It is assumed that the .ongitudinal stiffeners attached
to the outer hull plate have tripped and slipped, thereby
offering no membrane tension resistance.

(3) The 942K bulkhead reaction on the outer hull is as
computed in Figure 19.

(4) The 43K bulkhead reaction on the inner hull corresponds
to the plastic bending phase (extending up to*6.4 inches
central deflection) of the stiffened inner hull plate
(based on a cross section including only 5 angles 6" x
3-1/2" x 3/8", one 132" x 3/8" plate, and a 6" x 3/4"
bar, all stressed at 50 ksi in monolithic plastic bending.

THEORETICAL HORIZONTAL GEOMETRY AND FORCES AT

RUPTURE OF OUTER HULL PLATE STRUCK NORMALLYC AGAINST A 5-FOOT-RADIUS PIER ASSUMING
WING-TANK BULKHEADS DO NOT DISTORT

Figure 21

A- 43



A-3. COLLISION INSPECTION REPORT FOR CASE 3

Transversely Framed Cargo Ships

(Note: The inspection described below was conducted by permission
of the ships' owners under the condition that the information
obtained be kept for use solely by the United States Coast Guard)

Date of Collision: 9/5/72

Date of Inspection: 9/8/72

Inspection by: John C. Daidola, M. Rosenblatt & Son, Inc.
John F. McDermott, U. S. Steel Corp.

Ships Involved:

C. E. Dant - Transversely framed cargo ship (striking vessel)

Agean Sea - Transversely framed cargo ship (struck vessel)

C. E. Dant Agean Sea

Type: C4 with bulbous bow

Built: San Diego- Calif. Built: Prance

Owner: States Steamship Co. Owner: Yick Fung Shipping &
Enterprises LTD, Hong Kong

Length: 565' - LOA, 528' - LBP Length: 525'-7" - LOA, 492'-3" - LBP

Beam: 76' Beam: 65'-9"

Draft: 31'-7-1/8" Draft: 26'-7" (max. 32'-6-1/2")

Displ.: About 22,000 tons (loaded) Displ.: About 16,000 tons

Light Ship: 7680 tons Light Ship: About 6800 tons

No. of Screws/Power: 1/17,500 SHP No. of Screws/Power: 1/7500 SHP

Cargo: Dry Cargo 0 Cargo: Dry Cargo (deep tanks also)

Classification: A.B.S. Classification: Lloyds

Ad

A- 44 I



Location of Ships:

E. E. Dant - Todd Shipyards
Harbor island ,

Seattle, Washington
U. S. A.
(ship afloat)

Agean St.a - Yarrous Shipyard
Victoria, British Columbia
Canada
(ship dry docked)

Local Coast Guard Office:

Office of Marine Inspection
618 Second Avenue
Seattle, Washington

Inspection:

Summary

The subject collision represents an e-ample of two transversely

framed ships striking at an oblique angle. Because of the current

structural configuration of tankers, tie Tan -er Collision Study

has been limited to longitudinally framed ships. The reason for

inspecting a collision involving transversely framed ships is that

it was anticipated that fundamental information on various modes of

failure could be learned from such a study.

Because of restriction of information pending a forthcoming

inquiry, it was not possible at the time of inspectioi to know the

actual courses, speeds, and motions of the ships during the collision.

From the inspection and newspaper photographs of the ships, it

appears that the collision angle was 500 - 550 from the perpendicular
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to' the ship center line; the relative spead of the ships to each

other must have been significant; and the angle of collision did

not change significantly during the collision.

Some aspect%: of the subject collision are pertinent to

evaluations of the analysis procedure developed for longitudinally

framed ships under the subject contract. The deck did not lift

from the transverse frames but instead ripped and compressed. The

3triking ship in effect had a rigid bow, except wbere it was sliced

by the main and second decks. The double bottom was extensively

damaged, thus indicating that the assumption of a non-yielding bilge

may not be accurate, but the major portion of the bottom damage

apparently occurred after the hull ruptured.

Beside the items discussed above, several other observations

were of particular interest. The salient characteristic of the

struck ship was the localized extent of damage with consequent

small energy absorption before side-plate rupture. The outline

of the penetration was the same as that of the striking ship bow,

and the damage extended only a few inches from the outline. The

shear line along the decks of the struck ship, made by the striking

ship cutting them, was straight,which indicates the direction of

the ships relative to each other didn't change significantly during

the collision.
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Deta" Is of Damtage

Agean Sea (Struck Ship)

The center of the damage waz, located approximately 80 feet

from the bow, at the foward shoulder of the parallel middle

body.

Damage sustained by the struck ship is illustrated in

Figures 1 through 18. Overall views appear in Figures 1 through

4; typical transverse framinq (undamaged) is shown in Figures 5

and 6; the relation of the dr..;age to the transverse framing is

illustrated in Figures 7, 8, and 9; damage imparted bF" the starboard

side of.the striking ship is shown in Figures 10, 11, and 12;

typical deck plate failures are illustrated in Figures 13 and 14;

and views defining the incursion apF~ar in Figures 15 through 18.

Extent of Hull Damage. The most significant difference

between the hull damage sustained by the transversely stiffened

struck ship of the present collision and the longitudinally

stiffened struck ships of the two previously reported collisions*

is the extent of damage beyond the hull plate rupture. Figures 1

through 4, 7, and 8 indicate that tie hull plates were not notice-

ibly deformed either forward of the forward rupture line or aft

of the plate folds at the aft rupture line. This demonstrates the

*"Collision Inspection Report, Barge: BGE-102, with Longitudinally

Stiffened Single-Hull Plate," October 30, 1971: "Collision Inspection
Report, Double-Hull Barge for Transporting Compressed Chlorine Gas,"
May 17, 1972.
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stiffnebs of transversely framed hulls in bending of the stiffened

side, Figure 7, and ir arch action, Figu."s 8, resulting in relatively

little energy being consmed in deforming the hull plates beyond the

areas of gross damage. In contrast, tf.e plastic distortions of

longitudinali, stiffe.ned hulls beyond the rupture locations are

generally exte.'&-ve, resulting in plast;.: membrane-tension straining

in large portionL of the stiffened hull late. Thus, the present

collision demonstrated that transversely stiffened nulls are not

capable of absorbing, before rupture, tha energy that can be

absorbed by longitudinally stiffened hulls of the same general size.

Figures 9 and 11 indicate a tendency for the transverse

stiffenirs to be easily ripped away from the hull plate during

the flexing of the plate-stiffener joint that occurs during a

collision. This suggests that welad connections in ships should,

in addition to usual design requireaents, be evluated for such

flexing action.

Deck Crushing. As viewed in Figures 1 and 2, no general

lifting of the decks was exhibited. Instead, the deck plates were

crmpled into small-pitch folds, Figures 13 and 14. Figure 19

suggests that the bow of the striking ship extended above the decks

of the struck ship, and that the decks of the struck ship knifed into

the striking ship. Subsequently, the vertical wedging action

offered by the structure of the striking ship apparently precluded

general lifting of the decks of the struck ship.

A
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Geometry of incursion. Figures 15 through 18 indicate that

the angle between the colliding ships did not vary significantly

during the incursicn. Figures 15 and 16 suggest that this was due

to the striking ship being firmly wedged into the struck ship after

the hull of the struck ship was penetrated. Because of the wedging

action, the striking ship could not, on its own power, withdraw

from the struck ship. On the acute-angle side of the incursion,

tensile and shearing failures were generally exhibited, Figures 1, 3,

7, 8, 9, and 17. On the obtuse-angle side of the incursion, com-

pression buckling and folding failures were generally exhibited,

Figures 2, 4, 10,11, 12, and 18. Thus, relative to the progression

of the itrike along the side of the struck ship, the material of the

struck ship was compressed ahead of the strike and tensioned behind

the strike.

Bottom Damage. As shown in Figures 4 and 12, the double bottom

of the struck ship was crushed inward during the incursion, pre-

sumably because the forefoot of the striking bow extended below

the bottom of the struck ship. Mostly plate folding and buckling

was exhibited in the damaged double bottom structure.

C. E. Dant (Striking Shi)

Damage sustained by the striking ship is illustrated in

Figures 19 through Q3. Overall views appear in Figures 19 and 20,

and failure details appear in Figures 21, 22, and 23.

XJ
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Rigid Bow Assmnption. Figures 19 and 20 indicate that the

assumption of a rigid striking bow is realistic in the analysis

of the struck hull but not in the analysis of the struck decks.

Apparently, the first and second decks of the struck ship knifed

into the bow of the striking ship, but elsewhere the striking bow

was hardly dented. Furthermore, the bottom portion of the striking

bow crushed the double bottom of the struck ship without sustaining

major damage. At the time of the inspection, this ship was still

afloat. However, after dry docking, some dishing on the port side

of the bulbous bow was noticed.

Failures Within Striking Bow. Most of the failures within

the striking bow involved folding and subsrvquent compression of the

hull plates, Figure 21. No significant deformation of the framing

members in the striking bow was observed, although localized

tripping and buckling failures were observed, Figures 22 and 23.

i
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Fig. 1 Struck ship, looking forward. Note that the
hull plates are not noticeably deformed forward c f the rupture.
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Fig. 2 Struck ship, looking aft. Note that the
hull plates are not noticeably deformed aft of the rupture.



Fig. 3 View from dry dock, looking forward.
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Fig. 4 Hull fai lure sharply limited on starboardside of strike. Bottom damage shown on port side of strike.
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Fig. 6 Typical framing in hold (deep tank) of struck ship.
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Fig. 7 Transverse framing, which prevented extension of
damage along hull beyond shearing failure, at second deck.

A- 57



! '
4_.

Fig. 8 Transverse framing, which prevented extension of
damage along hull beyond shearing failure, at bottom of hull.
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Fig. 9 Buckling of transverse framing
near edge of damaged area.
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Fig. 10 Folded hull plates in advance
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Fig. 12 Bottom failure on starboard side of strike.
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Fig. 13 Typical folding of deck plates.
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* 14 Typical folding and crushing.

A-64



41~

Fig. 15 Incursion viewed from edge of dr-y dock.

A- 65Ki



Ile I

Fig. 16 View on second deck, looking
outward from point of maximum incursion,
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Fig. 17 Second deck sheared along a
nearly straight line on the port side of the incursion.
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Fig. 18 Material pushed back to a nearly stzaight plane
at the starboard side of the incursion.
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Fig. 20 Bow of striking ship.
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Fig. 22 Hull plate tearing and stiffener tripping
and buckling in bow of striking~ ship.
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Fig- 23 Stiffener distortiOis aft Of damaged bow in L
striking shiP. At topz, transverse frame isfolded near its conneOction with the hull plate.In the lower half, 1hQ vertical lcg of tiel~ f git dj~ ~ s ifh .r. is buck led .
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A-4. COLLISION INSPECTION REPORT FOR CASE 4

Lontitudinal.y Stiffened Single-Hull Barge

Date of Collision: (Not known)

Date of Inspection: 10-24-72

Location of Inspection: du Pont Plant Terminal, Edgemore, Delaware

Inspection by: N. M. Maniar, M. Rosenblatt & Son, Inc.
R. G. Kline, U. S. Steel Corp.
J. F. McDermott, U. S. Steel Corp.

Ships Involved:

Striking ship - Tug boat (not identified)

Struck ship - Edge Moor 1, du Pont Corp. barge for transporting
sulphuric acid out to sea for dumping; barge approximately
250 feet long by 20 feet deep.

Side construction of struck ship
Longitudinally stiffened single hull.
Unstiffened web frames at 7'-4" spacing.
Longitudinal angle stiffeners 6" x 3-1/2" x 1/4" or 5/16",

spaced at 24".
Shear strake 5/8" thick (measured).
Hull plate 1/2" thick (estimated).

Damage to struck ship
2-1/8" permanent-set circular-arc inward bowing of hull

between a transverse bulkhead and an adjacent web
frame; no apparent damage fore or aft of this area,
Figures 1, 2, 3, and 4.

No rupture of material, Figures 1 and 2.
Slight permanent-set in-plane bending of a web frame,

Figures 5, 6, 7, and 8.
Local buckle in a diagonal transverse bracing strut,

Figures 5 and 7.
Local buckles in horizontal gusset plates connecting

longitudinal stiffeners to transverse bulkhead,
Figures 2 end 9.

Vertical legs of longitudinal stiffeners depressed at
gusset plates but slightly elevated near to the web
frame, Figures 2, 3, and 9.
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Discussion

Because the damage was slight, Figures 1 and 2, the collision
was possibly a "glancing blow." However, the initial angle of col-
lision is not known. Thus, the collision could have been a slow-
moving oblique collision.

Although the theoretical plastic analyses for both right-
angle and oblique collisions have, to date, assumed that the stiffened
hull plate plastically distorts to a vee-shaped horizontal profile,
the actual horizontal profiles of the distorted longitudinal stiffeners
of the present barge were more nearly approximated by circular orparabolic curves, Figures 3 and 4. This was also observed in the ]

damage resulting from another oblique (or glancing blow) collision.*
This means that as the striking bow moves along the struck ship, it
does not completely "straighten out" the distorted hull after it moves
to another station. Instead, there is a superposition of the plastic
bending that results from incursion of the striking bow at different
stations along the struck hull, as shown in Figure 10.

As shown in Figure 4, the white paint flaked off the flanges
(vertical legs) of the horizontal angle stiffeners mostly at the web
frame and the middle portion of the span between web frames. This
indicated that the flange yielded in compression at the web frame and
in tension at midspan, as would be predicted for the bending phase
(as opposed to the membrane-tension phase) of the structural defor-
mation. Overall membrane-tension yielding of the stiffener flanges
was not apparent, Figure 2. As shown in Attachment I, the plastic
analysis-considering only a strike at m. dspan-predicts that flange
buckling will occur at the web frame when the midspan lateral deflec-
tion is about 0.94 inch (for either a normal or oblique collision).
A lateral deflection without flange buckling equal to 1.1 inches is
computed by the moving-load bending analysis given in Figures 10 and
11 and Attachment II, in which it is assumed that the striking bow
scrapes over three-fourths of the distance between the web frame and
the transverse bulkhead. According to Attachment I, midspan rupture
at the end of the membrane-tension phase can be expected when the
deflection is about 8.2 inches for a normal collision or 5.8 inches
for an oblique collision.

Because the collision history is not known, the realism of
assuming a strike only at midspan cannot be evaluated. The calcu-lations of Attachment I considering only a strike at midspan and the

* "Collision Inspection Report, Barge: BGE-102, With Longitudinally

Stiffened Single Hull Plate," October 30, 1971.
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calculations of Figures 10 and 11 and Attachment II considering a
moving load bofh predict bending distortions less than occurred
(i.e., roughly I inch compared with a measured permanent-set lateral
deflection of 2-1/8 inches that occurred without flange buckling).

Although the side longitudinal stiffeners were continuous
at the web frame, they terminated at the transverse bulkhead. Further- -

more, the end connections of the stiffeners at the transverse bulkhead
did not provide the idealized fixed-end-condition generally assumed
in the plastic analysis. The horizontal gusset plates within the
damaged area were all buckled downward allowing some end rotaticn in
the horizontal plane, Figures 2 and 9. Therefore, the calculations
in Attachment I do not consider that plastic bending will occur near
the transverse bulkhead. Since the gusset plates allowed the ends of
the angle stiffeners to rotate, angle-stiffener webs possibly acted
as the spring systems of elastic foundations supporting the stiffener
flanges, causing the flanges to assume an undulating elevation,
Figure 2. However, in spite of this disturbance, there was no strong
tendency for the angle stiffeners to trip when subjected to the dis-
tortions experienced during the collision.
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Figure 1. Exterior view of damaged area.
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Figure 2. Interior view of damnaged area.
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Figure 3. Inward bowing of longitudinal
angle stiffener, 2-1/8 inches.
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t Figure 4. View of longitudinal stiffeners from below.
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Figure 5. Upper portion of transverse web frame.
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Figure 7. View looking up, showing permanent-set
*transverse deflection of flange of web frame.
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Figure 8. Lateral deflection of flange of web frame.
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Figure 9. Buckling of gusset plates connecting
longitudinal stifteners to transverse bulkhead.
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F- -
I-LLA max

Assumed trajectory of
contact with striking

End Plastic bow (constant
Hinge _ Plastic collision angle)\ Hinge 1

Under/
Load / -No plastic hinge

AO _in 

present study

L -L' )-[(tan a) (As)(L L. -L' )]

+tan a)(AS) -- Linear vari- (approximately)
(differential angle change ation with
corresponding to AS) distance x

[(tan a\(AS)(s( L - L' Deflection at position sl from end when
t AS) L - L'- s load is at position smax from end =

(differential deflection a
at position sI from end) max L)(

s tan a + (tan ' ds
1 - s

( F/Smx LL- L'- -si\m1/ )

s tan a 1 + log max

~l o~e~7;~J\ - - max)j,
Deflection at Position sI From

Value of Load P End When L' = 0 and Load Is at
sI  When It Is sI From End Position Smax = 0.75L From End*

0.125L 17.14 M /L 0.506 L tan a
p

0.250L 9.33 M /L 0.799 L tan a

0.375L 6.93 M /L 0.979 L tan a
p

0.500L 6.00 Mp/L 1.049 L tan a
p

0.625L 5.87 M /L 0.992 L tan a
p

0.750L 6.67 M /L 0.750 L tan a
p

* The solution is not defined for s I  0. Also, the structure is

not bending plastically when sI is near zero.

FIGURE 10 - CURVED DEFLECTION PRODUCED IN STRUCK HULL
BEHIND A STRIKING LOAD MOVING LONGITUDINALLY
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.Plastic La

S Sope 2M p.ig
Slope =LSEtI

tI

STIFFENED HULL PLATE
PLAN SECTION

x

L

CURVATURE -WITHIN END PLASTIC HINGE FOR LOAD AT ONLY ONE STATION

Shaded Area (A + B) = Ae =

rt\f +h AL

(The slope of the * - x curve depends
2M on the rate of change of L with s

Slope of Sides p and would be a straight line if Ly
of Element B sEtI were directly proportional to s. The

(csh)_shaded-area elements overestimate AO
for a concave * - x curve, as shown,
or underestimate A@ for a convex

x curve.) Setting this value of
A6 equal to the expression for AO in

A Figure 10 gives

- (tan a)I -L'

(Ly)max As

CURVATURE WITHIN END PLASTIC HINGE RESULTING FROM LOAD MOVING ACROSS SPAN

FIGURE 11 - ANGLE CHANGE WITHIN END PLASTIC HINGE
RELATED TO STRUCTURAL PROPERTIES
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ATITACHMCNT I

BENDING ANALYSIS FOR STRIKE ONLY AT MIDSPAN
__" (SPACING kT STIFFENERS t

I" 1" - 8W

/2 L = A I 42 (d) "II-A

Extent o f Deaqc Lt. -*:'°2/ Y ()_..j_.) 57

7.33' = 88". __ . = (I.b2) ()335
9W W

I L_.J =9.21"

Properties about X-X Axis Properties about XpAxis
Part A d ;Ad I Part A d Ad

5/8, Ik 9.69 +0.312 +3.02 1.26 Outer Part of 5/8" I. 5.94 +0.191 1.135

1/2" . 4.25 +0.250 +1.06 0.35 Outer Part of 1/2" tI 2.19 +0.129 0.282

Angie - 2.31 -4.01 -9.26 37.15 Inner Part of I.s 5.81 -0.121 0.703

8.86 ...~~. .Ae.. _ ._.31 -4.252 9.822
Total 16.25 -0.319 - -5.18 47-62 [Total 16.25 11.942j

(-, I': • 5.[8 US-G

Ix x9  45.97 in4  Mp lAdo y (11.942)(35) = .418 K-in

VL VL VL 52.2t (52.2)(025)
S= y 9.21 0.419 y _ 9.21 _ 5 0.295

M V t4 22 , VL y+M 31.21 - .5bV y . 375 w3 .654

VLA=( -' ,52.2t

A- ) ). (0.295)(0.654) = 0.1929A=(VL + M 0'.5bra-
y p y

VL'
B (--- - - -  )(0 = (0.419)(0.654) 0.274

p Y

k - A shE  + B(Ut)3= 0.1919 (11.6 + (0.274)(i6.1)}= 3.09

0 = k(---- )(--) 3.09 41 (22)= 0.0213 radihns
pI ( 29 3-oooTM-~97)

tidspan deflection at occurrence of flange buckling at web frame =

= t 2 = (0.0213)(44) 0.937 inch



OMP

t Shvar in stifffcner near web frame =

bc V= P. . .. . --L I t 0."51"t L t

t or i = VL /4

Membrane Tension Analysis for Strike only at Midslpan

6Y 6 VL

r ( 1) -( M) = (0.0389) 0.857- 0.419 = 0.0170 in/in
r Et y p

On the basis of a right-angle collision (membrane tension yielding on both
sides of the strike), midspan deflection at occurrence of flange rupture

/
tc 2 r bc 2 (0.0170) + (0937)2 = 8.17 inches

On the basis of an oblique collision (mnrmbrane tension yielding on only one side
of the strike), midspan deflection at occurrence of flange rupture =

L t2 -
atc bc ()+ (88)2(007)+0.7)

+= r bc (00170) + (0937 = 5.81 inches
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Attachment II

MOVING LOAD BENDING ANALYSIS BASED ON PLASTIC ACTION
OCCURRING ONLY WHEN THE STRIKING BOW IS CONTACTING
THREE-FOURTHS CF THE SPAN STARTING NEAR THE WEB FRAME

On basis of midspan lateral deflection = 1.1 inch, the expression
in Figure 10 gives

tan a 0.0119
1.049L (1.049)(88)

a 00 - 41'

a)L L'L

(an ~)~( .Ii=(0.0130.)(

+ s)418 JQ )+ [(90~48 7 (11.6)~~~ tI\ s/ + 900)(€45.97) ( 29,000)(€45.97)

=0.0101 + 0.00364

Assume Ly is the critical value, 9.21 inches (see Attachment I), when
S=s = 0.75L = 66 inches.max

Then, changes in Ly, proceeding backward from s = 0.75L to s = 0.125L, are
computed using (see Figure 11)

AL a) 1~' L \ )As [.0119(!( Q

(tn +, ("E s .0101( ) 0.00364
y Ei sy,

ALy, inches, Based
Ly, AS, on Greater Values

inches inches inches of s and L

66.0 9.21 11.0 1.57
55.0 7.64 11.0 1.26
44.0 6.38 11.0 1.3.7
33.0 5.21 11.0 1.21
22.0 4.00 11.0 1.45
11.0 2.55 11.0 2.27

'"Reasonable Check ' '

.us, the critical value Ly = 9.21 inches would be expected to be attained,
with subsequent flange buckling, with a midspan deflection = 1.1 inches.
Because the variation of Ly with s is not greatly different from linear,
the overestimation of elements Ae, Figure 11, is not significant.
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A-5. COLLISION INSPECTION REPORT FOR CASE 5

Longitudinally Framed Double-Hull Barge

(Note: the inspection described below was conducted by
#. permission of the ship's owners under the condition that the

information obtained be kept for use solely by the United States
Coast Guard.)

Date of Collision: 5-25-73

Date of Inspection: 5-30-73

Inspected by: James Dwyer, U. S. Coast Guard
John C. Daidola, M. Rosenblatt & Son, Inc.
John F. McDermott, U. S. Steel Corp.

Ship Involved: FT-4 - Longitudinally framed double-hull barge

Type: Chemical Cargo Barge

Builb: Dravo Corp. (Neville Island, Pennsylvania, 1968)

Owner: Frank Thomas

Leased to: Dow Chemical Corp.

Length: 195 feet LOA

Beam: 35 feet

Depth: 12.5 feet

Displacement: 800 tons

Crgo: 3 Cargo Holds for Chemicals

Striking Object: Pier of Bridge over Mississippi River at
Vicksburg, Mississippi

Location of Ship: Port Allen Marine Service
Port Allen, Louisiana

Local Coast Guard
Office: Marine Inspection Office

Baton Rouge, Louisiana
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Summary:

The subject collision consisted of a barge hitting and

scraping along a bridge pier. At the time of the collision, the

barge was part of a larger tow, and it appears that the tow had

lateral as well as forward motion relative to the bridge pier.

From the damage, it appears that the collision angle, measured

between the trajectory of the incursion and the original position

of the side of the barge, was between 10 and 20 degrees, Figure 1.

Aft of the location of maximum incursion, the angle between the

damaged side and the original position of the side of the barge

was between 30 and 45 degrees. (The captain of the tow boat

Iinvolved in the accident was not available for comment.)

Thus, the collision was representative of a rather "flat"

oblique collision in which a very stiff bow (the pier) "struck" a

longitudinally framed double-hull tank ship (the barge). The

oblique incursion progressed in practically a straight path,

Figure 1. (This is assumed in the theoretical plastic analysis.)

Near the beginning of the incursion, the inner hull distorted

parallel to the outer hull, indicating that for moderate distortions

the truss web frames, Figure 2, satisfactorily caused the inner and

outer hulls to act in unison. However, after roughly the mid-

distance of the incursion, the web frames collapsed and the outer

hull approached very close to the inner hull, Figures 3, 4, 5,

and 6. This indicated that for the larger hull distortions the
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web frames were not strong enough to cause the inner and outer

hulls to act in unison. (Energy absorption will generally be

maximized lihen both hulls distort in unison.) The vertically,

corrugated transverse bulkhead just aft of the location of

maximum incursion, Figure 3, exhibited no significant distortion.

As seen in Figure 7, there were no gross ruptures of the

outer hull, except for longitudinal ruptures along the bilge; some

short ruptures occurred in the outer hull at the locations of

welded connections to web frames, and some ruptures occurred at

the junction with the deck, Figure 1. The short ruptures in the

weld zones may have indicated that the ductility of the outer hull

was almost exhausted at the location of maximum incursion.

There were short ruptures of the inner hull at the locatis n

of maximum incursion at the bottom and top of the tank. Ls a

result, the tanks on either side of the transverse bulkhead near

there were flooded shor:ly after the accident. It is probable that

these ruptures would not have occurred for a lesser incursion.

There was a very pronounced overall horizontal bending of

the barge that was much greater than just an elastic overall bend-

ing. (Only elastic bending is assumed in the theoretical plastic

analysis.) This was obvious from the top views of the barge,

Figures 8 and 9. Furthermore, deep transverse buckles were

exhibited in both the deck, Figures 10 and 11, and the bottom,

Figure 12. Since the bottom transverse buckles tapered out only
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at the leeward inner hull (opposite to the struck side), it appeared

that the neutral vertical plane for the horizontal bending was very

close to the leeward inner hull.

On the struck side the bilge, the bottom in the vicinity

of the bilge, and the deck developed extensivd folding with

longitudinal fold lines, Figures 1, 13, and 14. Transverse

ruptures, apparently from membrane tension, were exhibited in a

few locations in the bilge and the bottom in the vicinity of the

bilge, Figures 13 and 14. Because of the ruptures, it appears

that most of the energy absorbed in such distortions of the deck

or bottom may be from membrane-tension straining, which can be

evaluated by considering the stretching of longitudinal elements.

of the ship structure extending from the location of maximum

incursion to the limits of gross distortions in the deck or bottom.

I
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Struck side looking forward, showing d practically straight-line
incursion trajectory along the outer hull. The principal

damage extended from a location about 20 feet fromn
the bow to a location about 70 feet from the bow.

Figure I
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F Typical truss web frame, located two web frame
spaces aft of the location of maximum incursion.

Figure 2
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Inside hull plate in damaged area. The crease showing in the
right foreground apparently occurred at a web bulkhead,

and divided the two areas of damage exhibited in the inner hull
plate. Forward (to the right) of the crease the deflected

inner hull was roughly parallel to the outer hull,
with web frames slightly distorted. Aft (to

the left) of the crease the web frames were collapsed and
the inner hull was close to the outer hull. Note that

no rupture of the inner hull appears in the photograph, even
at the location of maximum incursion, and the vertically

corrugated transverse bulkhead, in the background,
was not significantly distorted.

Figure 3

A-97 

L



Collapsed truss web frame, within area where the
inner hull was close to the outer hull.

Figure 4
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View through top portion of truss web frame looking forward
between outer hull (on left) and inner hull (on right)

to the location of maximum incursion near the
collapsed web frame.

Figure 5
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View through bottom portion of truss web frame looking forward
between outer hull (on left) and inner hull (on right)

to the location of maximum incursion near the
collapsed web frame.

Figure 6
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. Struck side at the location of maximum incursion, showing outer
hull rupturing to be limited to longitudinal tearing along

~the bilIge, tearing at the deck, and short ruptures at

the locations of welded connections to web frames.

Figure 7

A-101
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Fdge of deck on struck side, looking aft and showing
buckling and other "compression" effects of

horizontal bowing of the barge.

Figure 8
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Edge of deck on leeward side, looking aft and showing
permanent-set "tension" effects of horizontal

bowing of the barge.

Figure 9

A
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Buckled deck, looking toward struck side.

Figure 10
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Buckled deck, looking toward leeward side. Buckles
extend all the way to the leeward edge

shown in the photograph.

Figure 11 1

I
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Transverse bottom buckles extend over to the leeward inner hull, tapering
out at that location. The inward distortion of the inner hull

appears at the right.

Figure 12
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7Bottom and bilge damage, including extensive folding with longitudinal
fold lines, a transverse tear, and a 1-1/2-foot-deep
downward transverse buckle (shown in the upper right).

Figure 13
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Bottom and bilge damage, including exten3ive folding with
longitudinal fold lines, transverse tears, and a

1-1/2-foot-deep downward transverse buckle
(shown in the left).

Figure 14
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A-6. COLLISION INSPECTION REPORT FOR CASE 6

Transversely Framed Contalnership and Longitudinally Framed Tanker

(IJote: The inspection described below was conducted by permission
of the ship's owners under the condition that the information
obtained be kept for use solely by the United States Coast Guard.)

Date of Collision: 6/2/73

Date of Inspection: 6/28/73

Inspection by: John C. Daidola, M. Rosenblatt & Son, Inc.
kJames Dwyer, U. S. Coast Guard

John F. McDermott, U. S. Steel 'orporation

Ships Involved:

C. V. Sea Witch - Containership with transversely framed

bow (striking vessel). ii

I.sso Brussels - Longitudinally framed oil tanker (struck vessel)

C. V. Sea Witch Esso Brussels

Type: Container ship (with bulb- Tanker
4-1/2 ft. protrusion for-
ward of FP)

Built: Bath Iron Works, Kockuns Mekaniska Verkstad A-B,
Maine (1968) Sweden (1960)

Owner: American Export Lines Esso Maine (Belgium) S. A.

Lenqth: 594.2 ft. LLBP 677.4 ft. LBP

Beam: 78.2 ft. 97.3 ft.

Depth: 49. 5 ft. 49.2 ft.

Draft: 31.6 ft. (full load) 38.0 ft. (full load)

Displacement: 26,670 long tons

Dcadweight: 47,220 lonq tons

Ho. of 5crew.siPower: 1/17,500 SliP 1/16,500 SliP

Cargo: Containers Petroleum, crude

ClassAfication: A.B.S. A.B.S.
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Location of Ships:

C. V, Sea Witch - Anchored south of Verrazano
Narrows Bridge
New York, New York

Esso Brussels - Bethlehem Steel Shipyard
Hoboken, New Jersey
(ship dry docked)

Local Coast Guard Ofice:

Marine Inspection Off; -

New York, New York

Summary

The subject collision consisted of a containership with a

transversely framed bow striking a longitudinally framed cil tanker.

The containership was traveling at a signi".cant speed and struck

the side of the tanker near midships, while the tanker, lay at anchor.

The collision angle, measured between the longitudinal centerlines

of the ships, is estimated to have been about 60 degrees.

Esso Brussels (Str'ick Ship)

The collision was considered "severe" since both the outer

hull, Figure 1, and the longitudinal bulkhead, Figure 2, of the

struck ship rupture and distorted excessively. Tne strike occurred

in the vicinity of a transverse bilkhead, Figure 3. As a result,

the failure of the outer hul] exhibited less membrane stretching

than it probably would have had the strike occurred further from the

transverse bulkhead. The stiffened hull plate ahead of the strike

was crumpled into a folded configuration, Figure 4, but the" hull plate

- -
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and longitudinal stiffeners behind the strike (and near the transverse

bulkhead) ruptured without much apparent distortion, Figure 3.

The transvrse "oiltight" bulkhead near the strike was

ruptured and considerably distorted, Figure '5, probably because the

'trikinq ship proceeded through the bulkhead during the oblique

collision. The web frame just behind the strike was relatively un-

damaged, Figure 6. :Iowever, w;?b frames ahead of the strike buckled

and ripped away from the outer hull and, to some extent, the longi-

tudinal bulkhead, particularly the web frames flanking the longitudinal-

bul:-head rupture, Figure 7.

The failure of the longitudinal bulkhead exhibited more bending

and stretchinq than the failure of the outer hull, Figures 2, 7, and

8. This behavior ot the longitudinal bulkhead could possibly be

expiained by the fact that the outer hull ruptured early (due to the

proximity of the transverse bulkhead) while the longitudinal bulkhead

(bec.it'e of the strike location) was able to stretch considerably

bef-re rupturinq.

The daiwge extended vertically from about the 10-foot draft

mark, Figure 9, to the deck, Figure 10, but the deck exhibited only

a foldinq type ;f failure and not a lifted confiquration, Fiqure 11.

C. V. Sea Witch (Strikmnl Ship)

Tho horizontally extending slit in the bow of the striking

!;hi p, .iqure:; 12, 1 3, and 14, apparently was at- the elevation of the
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dock of the struck ship during the collision. Consequently, the

top portion of the bow of the striking ship was damaged relatively

little. F tween the horizontal slit and the water line, the striking

bow was extensively crushed. However, considering the damage to the

struck ship, it is doubtful that the crushing extended much further

down. The damage of the striking ship below the water lines was

inaccessible for inspection.

A- 112
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Figure 1. Overall view of struck ship, looking aft.
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Figure 2. Ruptured longitudinal bulkhead of struck ship.
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.1 Figure 3. Brittle failure of outer

hull at transverse bulkhead.

I
I

A- I I



1h.

Figure 4. Outer hj1l folded ahead of the strike.
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Fiur 5. Fale trnves bulkhead.
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Figure 6. Web frame only slightly damaged
near failed transverse bulkhead.
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Figure 7. Details of failures of longitudinal
bulkhead and web frames.
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Figure 8. Details of failures of longitudinal
bulkhead and web frames.
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Figure 9. View showing vertical extent
of damage to struck ship.
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Figure 10. View of deck damage above side penetration.
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Figure 11. Top view of deck above side penetration.
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Figure 12. Overall view of bow of strikirg r.hip.

4

A- 121;



Figure 13. View of damage to bow of
striking ship, looking forward.
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Figure 14. View of damage to bow of striking
ship, looking normal to the ship side.
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PART IV

EVALUATION OF AN LNG S'IIP STRUCTURE IN COLLISION
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NOTICE

The work reported on herein was performed as part of a reseaivch

project done by M. Rosenblatt & Son for the 1T. S. Coast Guard

Office of Research and Development. It is extremely preliminary and

theoretical .n nature and therefore must be considered as such. The

U. S. Coast Guard does not endorse or approve of the methods utilized

iin this report,,
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I. INTRODUCTION

This report is on a separate task accomplished within the research and

development project related to the evaluation of the structure of tankers in

collision from the viewpoint of the protection afforded to the cargo. The tanker

project has developed to date an analytical procedure for estimating the plastic

energy absorbed prior to side shell rupture by a longitudinally framed tanker when

involved in collision, both right angle cnd oblique, with ships with rigid bows. The

procedure appears in the following reports:

I. Tanker Structural Evaluation, Prepared for Department of Transportation,

U.S. Coast Guard, by M. Rosenblatt & Son, Inc., New York and USS

Engineers & Consultants, Pittsburgh, Pa., MR&S Report No. 2087,

Aptil 1972, (USCG Prcject 72--33-21).

2. Evaluation of Tanker Structure in Collision Prepared f:r Department

of Transportation, U.S. Coast Guard, b/ M, Rosenblitt & Son, Inc.

New York and U.S. Steel Corporation., Monroeville, Pa. MR&S

Report No. 2087-15, November 1973

It ,ippeared that the tanker pt-ocedure was sufficiently general that with

judicious modification it co, lc. be employed to evaluate the structure of other ships such

as LNG vessels and niclear powered ships. In order to test such an adaptobility of the

X procedure it was decide,1 o attempt its application to a 125,000 M3 LIAG Ship designed

-with spherical aluminum c.:o.o tanks.

j I-I



This report describes the mt.Jifications made to the tanker procedure to

suit the LNG ship ard presents the numerical calculations made for the energy

c, sorbed when the ship is struck at right angles by the 20,000 ion displacement

vessel with a plumb (vertical) bow.

1-2
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2.COLLISION ANALYSIS PROCEDURE

2.1 The LW, Ship

The ship analyzed is a 125,000 cubic meter LNG carrier

employing independent spherical cargo tanks (Fig.2-1). Ship

data were provided by the Quincy shipbuilding Division of General

Dynamics. Although this ship is longitudinally framed, the geo-

metry of the side structure is fun&amentally different from that of

the oil tankers pre.iously studied. For example, the deck width var-

iles from a narrow strip in way of th, spherical tanks to the full width

of the ship at the transverse bulkhead, and a tank-top provides support

to tee web frames at an elevation of 25 feet above the keel. Such differences

necessitate changes in the plastic analysis.

2.2 Fundamental differences between the

Side Structures of the LNG Ship and

Typical Tanker s

2.2.1 Web Frame Construction

A schematic cut-awa:, view of the midship portion of the

L3 ship is given in Figure 2-2. One principal difference between

the structure of the LM ship and that of a typical longitudinally

framed tanker is that a tank top at Elevation 251-5". which is

integral with parts of thebottom web frames (spaced at 7t-2") will

provide effective horizontal reactions against the vertical webs

(spaced at 14'-4") that connect the outer hull and the longitudinal

bulkhead.
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.aConsequently, each full-height vertical web, consisting of a

vertical plate above the upper level of the tank top and the

vertical portion of the bottom web frame, has three horizontal

supports: (1) at the top "box girder" comprised of the main deck,

the deck below the main deck, the sheer strake, and the upper

portion of the longitudinal bulkhead, (2) at the upper level of the

tank top, and (3) at the upper turn of the bilge. Failure of a

full-height vertical web, concomitant with lateral loading Pwf'

may result from either a failure of the material in the full-height

vertical web or a failure of one of thn three horizontal supports.

As defined in the November 1973 tanker report and as used herein,

Pw -is the value, during the crippling of a web frame, of the

transverse resistance(s) exerted by the web frame against the most

highly strained tee-beam unit(s) of the stiffened hull and/or

longitudinal bulkhead.

For the LNG ship struck by a typical tanker, failure

of the top box-girder support and the middle support-provided by

the tank top and integral bottom web frame-are both important

considerations, in addition to possible failure of the vertical web.

It is assumed that the bilge does not fail. The failure of the middle

support would result from a failure of the bottom web frame.

Consider the set of constants R . For any given failure

mode, R is the ratic of (1) the loading first assumed in analyzingm

that and all other failure modes to (2) the loading causing the

given failure mode. For the LNG ship, R should be calculated form

every possible failure mode of

2-2
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the top box girder and both the full-heiaht vertical web and the

bottom web frame. Then, at the location of the most highly strained

tee-beam unit of the stiffened hull, P is the lateral loading first

assumed in analyzing all failure modes divided by the qreatest

value of R.

2.2.2 Effective Cross Sections of Web Frames
for Calculations

In the calculations of R, it is n..sary to consider

what effective widths of hull plate and longitudinel bulkhead plate

act integrally with each full-height vertical wc.. 'If the mode of

web failure is not bending, it is conservative :-rd satixvfactory to

neglect the longitudinal stiffeners in effective-width cilculations.

References 1 and 2 may be utilized for such calculations

To determine the effective width more accurat-lv, as

would be desirabli if web bending failure should govern the

step is to compute the critical buckling stress for in-p.ane plate

thrust. For calculations of in-plane bendinq and shearina of the

web frames, the thrusts in these plates are perpendicular to the

longitudinal stiffeners attached to the plates. Hence, although

the longitudinal stiffeners do not contributeto the effective cross

sectional area, they do help to stiffen the plate relative to

tendencies for buckling. Consequently, the critica. buckling str,st

in each plate may be approximated by the following equation:3)*

*See References
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D +
cr b 2t [2 2 mb

m m~bD

where b is the spacing of the webs (7'-2" or 14'-4"), 8 = b/a where

a is the unsupported width of the.stiffened plate in the direction

perpendicular to the longitudinal direction, t is the plate thickness,

r is the number of spaces between stiffeners within distance a, E

is the modulus of elasticity, I is the moment of inertia of a longi-

3tudinal stiffener about its interface with the plate, D = Et /10.92,

and m is an integer that may vary from 1 to r. The value of m should

be chosen to minimize the calculated value of acr. For relatively

large values of EI/bd, as are typical of the stiffened plates of

the ship, a would be expected to be minimized by assuming m = r.cr

However, it is necessary to test this assumption by evaluating the

expression for or assuming m = r - 1, etc.

After a is computed, it is compared to the yieldcr

strength, a , of the plate. If a = ay, the effective width of
y cr y

the plate is b. If acr < a ,the effective width is
y

y

In the calculations of R for the bottom web frame,
m

the neutral axis of frame bending may be conveniently assumed to be

at the interface of the web plate with the tank-top or shell plate,

and the moment of inertia of thie tank-top or shell plate may be

4 G neglected.
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2.2.3 Alternate Available Modes of Support at Elevation 25'-5"

Relative to failure of the middle support of each full-

height vertical web, there will be two critical values of Rm . One,
m

(R.)1 relates to failure of the upper level of the tank top in an

in-plane shearing mode or a crushing mod,. A crushing mode would

consist of folding of the tank-top horizontal plate and "qathering"

of the attached longitudinal stiffeners, with longitudinal membrane

tension subsequently predominating in the plate and stiffeners. The

other, (Rm) 2' relates to failure of the bottom web frame itself, in

a shearing, bending, or crushing mode, whichever would occur at the

lowest loading; (R ) is the largest value of R for the bottom web
m 2 m

frame. However, only the least of the two values (R ) and (Rm )2

shovld be included in the set of values of R of which the greatestm

determines Pwf because, if there is a tendency for either horizontal

support system (the stiffened tank-top plate or the bottom web frame)

to fail, the other system will provide the necessary horizontal

support. In either case, membrane tensio. resistance of the longi-

tudinally stiffened plates should preclude any gross movement of

the upper inside corner of the bottom web frame toward the LNG tank.

2.2.4 Horizontal Flare of Main Deck

Over a length of three web-frame spaces at the widest

2-
portion of each LNG tank, Figure 2, the main deck on each side of the

ship is only as wide as the distance between the outer hull and the

longitudinal bulkhead. It would be expected that the LNG ship would
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be most vulnerable to a strike within this 43-foot length. Beyond

this length, the main deck and the deck immediately below the main

deck (which extends over the same area as the main deck) flares

horizontally such that the net width of deck is considerably in-

creased. These horizontally flared portions of the main deck and the

deck below therefore act as "abutments" providing resistance to

(1) transverse and longitudinal forces exerted by the 43-foot-long A

portion of top "box girder" extending between the "abutments," and

(2) transverse forces exerted by the top of the full-height vertical

web positioned at the beginning of the deck flare. During the early

stages of a collision, the "abutments" may be capable of resisting

forces without being overstressed. However, this should be verified

at various stages of the analysis, utilizing a digital comDuter

2-
progranas suggested in FigureA 3 .

2.3 Changes in Plastic Analysis for a

Right-Angle Strike at the Centerline
Df Tank

Consider a right-angle strike in a plane through the centerline

of a spherical tank. The steps involved in modifying the plastic

analysis of the November 1973 tanker report to apply to such a collision

are as follows.

2.3.1 Only Three Web Frame Spaces Damaged

To start, consider that the outer hull and possibly the

longitudinal bulkhead within only the three web-frame spaces at the
2-

narrow portion of the deck deflect laterally, FigureA2, that is,



I
5that the damaged length does not exceed three web frame spaces.

This presumes that the full-height vertical webs at the beginning

of the horizintal flare of the top deck resist the lateral forces

from the hull and longitudinal bulkhead without yielding or buckling

of the vertical webs or bottom web frame. The flow diagram in

Figure 4 for a strike midway between two web frames indicates the
2- 2-

analyses that should be made initially. Figures 5 and 6 of the
A4

4- 4- 4-
present report and FiguresA 2 'A3, andA 6 of the November 1973 tanker

2-
report define procedures of various analysis steps in FigureA4.

2- 2-
The symbols appearing in Figures 5 and A6 correspond to the symbolo

used in the November 1973 tanker report.

First, using the analysis figures previously developed

for the plastic analysis and appearing in the April 1972 and November

1.973 reports, ccmpletu an analysis assuming only one web-frame space

Ls damaged.

The stiffened grid analysis, which follows, is merely

a bending analysis that considers the full-height vertical webs

flanking the strike (with effective widths of outer hull and longi-

tudinal bulkhead acting as integral flange plates) behaving as

vertically extending beams that are supported transversely by the

top box girder, the upper level of the tank top, and the upper turn

of the bilge, as discussed previously. The aim of the stiffened grid

analysis is to determine the load Pwf and the other concomitant lateral

loads cver the vertical extent of the ship side that would cause
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failure of either the full-height vertical webs flanking the strike

or the horizontal supports of these webs. The forces applied to

the grid are proportional to the forces Ptc that would result in

hull rupture if only one web frame space were damaged. The top

box girder, which includes all elements above Elevation 71'-5-1/4"

that appear in a transverse cross section, is analyzed as a fixed-

end beam subjected to lateral loads applied from the vertical webs.

The resistances of the tank top and/or bottom web frame are determined

as discussed previously.

Where the bow of the striking ship is below the top box

girder of the LNG ship, it could be assumed that above the strike

the hull will assume a triangularly shaped distortion profile. With

such an assumption, hypothetical lateral forces would vary linearly

from a maximum value at the top of the striking bow to zero at

Elevation 71'-5-1/4". In the present analysis, however, no such

hypothetical lateral forces were considered.
2-

In the flow diagram in Figure 4, it is presumed that once

the full-height vertical webs flanking the strike begin to fail-

whether it be by failure of the vertical webs or failure of the

systems supporting the webs, the full-height vertical webs will

continue to fail at a constant resistance. This implies that the

tank top is "knifing" through the strikinq bow if the tank top does

not fail. The longitudinal bulkhead will participate by distorting

transversely in a longitudinal-mer-trane-tension modeonly if the full-

height vertical webs do not fail by crushing.



If a failure of the full-height vertical webs flanking

the strike is indicated in the analysis for a strike midway bet.ween

two web frames, it may be desirable to make an analysis as indicated

in the steps in Figure 4 for a strike at a web frame.

2.3.2 Five Web Frame Spaces Damaged

In the above calculations for only three web frame spaces

2-
damaged, FigureA5, the full-height vertical webs at the beginning of

the horizontal flare of the top deck receive lateral loads, (T1 + T2 )times

(6 wf/L s ), from the outer hull and the longitudinal bulkhead. These

"end" webs (designated by the subscript "wfe" rather than "wf") must

be analyzed to determine whether they can withstand the imposed lateral

loads. Generally, there is a lateral load exerted on the full-height

vertical web by each longitudinal T-beam unit (longitudinal element

of the outer hull and longitudinal bulkhead) that is plastically

distorted. In the analyses of these particular webs, it may be

desirable to perform a strength analysis, such as is suggested in

2-
Figure 3, to determine the capacity of the horizontally flared

portion of the main deck and the deck below to resist the top "end

reaction" of the full-height vertical web.

If none of these calculations indicate failures, the

damage should extend over only three web frame spaces. Otherwise,

the damage should be assumed to extend over five web frame spaces,
-" 2-

and the analysis given in FigureA6 should be performed, utilizing

the values of Pwf for the web flanking the strike and Pwfe for the

webs at the beginning of the horizontal flare of the top deck.
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2.3.3 More Than Five Web Frame Spaces Damaged

The damaged length will extend beyond five web frame

2-
spaces if (T1 + T ( wfe/Ls) FigureA6, exceeds the lateral force

that is concomitant with failure of the web frames at the end of

the damaged length. As an approximation, lateral deflectionz of

the outer hull with a damaged length exceeding five web frames

spaces are determined by the following steps:

1. Compute the lateral offsets in the web frame spaces that

are outside of the central five web frame spaces by

assu.ing that the offsets decrease progressively (pro-

ceeding away from the strike) by a constant value. This

value is equal to the difference, 6wf - 6wfe' using the

I ' 2-
values of 6wf and 6wfe computed 1.y the analysis of Figure 6.

Then, tne angle change in the damaqed hull is approximately

the same at every web frame within the damaged length but

excluding the web frames flanking the strike and at the

end of the damaged length. As discussed on pages D-3 and

D-4 of the April 1972 report, this corresponds to the

assumption, for struck single-hull ships, that the angle

change in the hull at a crippled web frame is a constant

value depending only on the ratio of the hull membrane

tension to the resisting force offered by the web frame.

2-
2. Combine these calculations with the results of Figure, 6n

to give a lateral deflection profile. For nine web frame

spaces damaged, summing the offsets would result in a
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maximum lateral deflection of the outer hull

- 6' + 6wf + 6wfe + (2 6wfe - 6wf ) + (3 6wfe - 2 Swf)

= 6 + 66 wf e - 26 wf

where 6' is the offset within the .truck web frame space.

Corresponding to that lateral deflection profile, the membrane.

tension elongation in the outer hull would be eto =

22 .(2) +2(22 -2 2 + (36we2f)2

2 6wf +  wfe wfe 266wf)+2L s 1 9Ls~ 9Lse

and the membrane tension elongation in the inner hull (longi-

tudinal bulkhead) would be e ti =

1F 2 +6 2 +(26 - 6 )2 - 26wf) - 9L E: 9L
wf wfe wfe wf 36wfe wf] s c s rs1

3. If tie incursion 6 thus computed results in a strain greater

than r or a rupture of the LNG taak (see below), reduce allr

of the offset term.s by the same percentage and recompute

eo and e
to ti*

2.3.4 Modifications for Limitations Imposed by Proximity of
LNG Sphere

T _ analyses should be modified, as necessary, to reflect

the limitations imposed by the proximity of the LNG sphere. The

sphere can distort inward to some limited extent during a collision,

but the incursion of the striking ship and distortion of the structure
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of the struck ship should be limited to what would cause the sphere

to rupture. The support system for the LNG tank may allow it to move

away from the incursion some distance without being significantly

stressed. If such a critical distance can be established, the

incursion that initially causes an external force on the sphere can

be determined. T1,en, the theo,-y for shallow spherical shells ci -. be

applied to relatiig sphere stresses and yielding to Ceflections oi

t1-e sphere resulting from. a greater incursion. Th,., limited informa-

tion applicable to this p: oblem has been developed for radial deflec-

tions of spheres, as given in References 4, 5, 6, and 7.

Referenceb 4 and 5, which consider a radial axial load

:zpplied through a solid cylinder welded to the sphere, are easiest

to apply, although such a circular contact area six-,lates only vte'y

approximately the contact that would be exerted during an LNG ship

collision.,ft or different magnitudes assumed for the radius of the

2-
contact area, FigureA7 compares the ridial deflection (at the edge

of the circular contact area) under given radial loads with the

bending moments, membrane forcesr and yield criteria at that critical

location. 4 ,5 ) As a result, it is observed (see the right-hand column

2-
in FigureA7 ) that the deflection correspondinq to the yield criterion

i:,, not very sensitive to the radius of the contact area, and may be

approximated as 0.2RO
6 _ Y---

s E

I
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- where, for the sphere, R is the inidplane radius, ay is the yield

strength, and 8 is the modulus of elasticity. Similarly, the radial

load causing the spher to yield (see the second-from-the-left

column in FigureA 7) may be approximated as

P 3 LT~r
s R

where t is the thickness nf the sphere wall. With bending stresses
I

predominating, it is conservative yet realistic to assume that tho
2-

"permissible" radial deflection of the sphere in FigureA8, defined

as the deflect.Lon at rupture, is the deflection at onset of yielding

times cAts, where t is the strain at the tensile strength and c
2-

is the strain at onset of yielding. The sketches in FigureA8 relate

the incursion to the inward deflection of the sphere.

If a more realistic evaluation of radial distortions,

corresponding to a "line loading" rather than a loading assumed over

a circular contact area, is desired, the "influence surface" charts

of Reference 6 can be utilized. These nondimensional charts, which

are dimensionalized by the use of a scale factor, X =-Rt/V12 (1 - 12),

readily give radial-deflection, bending-moment, and membrane-force

coefficients at locations away from load points, and suitable integra-

tions could compare deflections and stresses for line loadings. How-

ever, the charts do not afford a direct solution for calculating line

loads corresponding to a given "line" deflection, and the bending

stresses are very sensitive to the "width" oZ the line .oading, theo-

retically being infinite directly under a "knife-edge" loading.
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WEB FRAME SPACES a41-e

BEGINNING OF HORIZONTAL BEGINNING OF HORIZONTAL FLARE

FLARE OF DECK OF DECK

LONGITUDINAL

SHEAR STRAKE.

WOT BOTTO WEBG

I FRAME)

TANK TOP I INCLINE PORTION
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ZERO-LENGTH (OR VERY HIGH STIFFNESS)

I . .. - WES FRAME

z PORTION OF OUTER
VERTICAL _HULL

t BEAM COLUMN=

\I PORTION OF
LONGrrlJONAL

~BEAM COLUMN=

PORTIONDECK PLATE (ORTRANSVERSE WEB HORIONCK PLATE
FRAME Y BELOW DEC:K )

BEAM CLUMN=DIVIDED INTO
PORTIONN OF I, qS .

INCLINED BULKHEAD

TYPICAL STRUCTURAL MODEL FOR BEAM-COLLIMN AND PLATE, ,

ELEMENTS COMBINED IN A SINGLE PLANE .

ED-REACTION
FORCES~ FROM V-
WEB FRAME AT Ica-
BEGINNING OF
DECK FLARE

- -" -HORIZONTAL PLATE BELOW DECK

00, (SEE MODEL)TRANSVERS of; i "\l
WEB FRAME -" I

N.-iLINED WEB FRAME

(SEE MODEL ABOVE)

STRUCTURE TO BE ANALYZED BY A STIFFNESS - MATRIX ENGINEERING
ANALYSIS COMPUTER PROGRAMSUCH AS ANSYS

SUGGESTED AALYSIS FOR DETFRMIING STR..SFS IN rFCK FRrtV

END-REACTION FORCFS FR(FI Wf'J FRAf. AT .r EWNTNG OF DFCK FLARF
Fig.2-3



MACRO F1.0. DIAGR;AM FOV SIDL COLLISION
PLASTIC L.;ERGY ANALYSIS OF LNG SHIPASSUMING DAMAGLD ARtA EXTENDING ONLY

OVER THREE WEB FRAaME SPACES AT
TilE NARROW PORTION OF THE DECK

Strike Midway Between Two Web Frames Strike at a Wei Frame

It/2 P .P /2 T~-*. T F~tcF _ I, - r tc  -
3 Spa.@_ Lc 1\ 3Spa.@ L --=

Analyze outer hull as for single Membrane tension analysis
hull shiD, one web frame space damaged. for double hull structure

Dspanning 
over Ic with

EdgW fr that would result in Ioverall bending lis the" Web < 2. T 4

failure of the rc

composite side struc- r L 2
I

ture (outer hull,
f pport long. bulkhead, and -

at Bilge and web frames) acting as
Edge Wdeb Frames e stiffened grid.

:e1. rane ten o
I analysis for double null

structure spanning over

LC with only the web franc

esce-DamageoCniine t 'D loads Pwf cause at the strike failing at
;the verticat webs 'ontat l__,__Lewe frm soc. _ ,rush transversely?l"

Yes! . Memurane tensio. analysis of
on- bulknead sannin verLi

Analyze long. bulkhead as .o e---
'for the hull of a single Pw,
null snip.

Analyze outer 6w f
nQ1 as for ,.
single hull
ship with .en~branQ tension analysis

three weo for double-hull structure
fra. . , -aces spanning over Lc with no
a-Ilm.ged. . ezj frare failure.

Membrane tension analysis es.
of long. bulkhead S1 1 W n
spnning over Lc.  AJ fof

AFIaGze outer null as for

,w- ; fram, spaces damaged.

FIGURE 2-4



RI(;IIT-A:.(';I.:; COLLiS ION

MEY RAiJE TENSION P:NALYSIS OF DOUBLE-HULL
F .RUCTURE SPANL ING LONGITUDINALLY OVER
IiHRE WEB FRAME SPACES - STRIXE MIDWAY

BETWEEN WEB FRAMES - 14O WEB FPbV-IE FAILURES

3 Spaces @__L Ld_ A

-Outer Hull

S Ti = (Area) + OU

_,T =(22+Pf -- WIeb Frame I rHl
_ T1 1 :(2 2 +Pw)-,wf IVf. /. Iny e au l

W 2 = ( re a )

Pwfj_ 26 - 36wf

Geometry Assuming Small-Angle Theory (Angle = Sine = Tangent)

6vf 25 - Pwf Ls/TI
From -= T__ II__2 Ls wf 3 + T 2;T 1

This expression is substituted for Swf in the following inequality.

Membrane Tension Elongation in Outer Hull

1w)21
= 2 (6 - 6 wf) 2  

-<L L~

s5 J
This used as an equation gives 6 = 6 = deflection at rupture.

c

Membrane Tension Elongation in Inner Hull

2wf 3Ls eet--Ls =3Lsc

Mlembrane Tension PlAstic Energy (including energy in flanking spans)

Emt = 1.33(Tleto + T2eti)

Normal Forces

p T1
Pt =  (6 - 6 wf)

End Reaction (' 1 *, T 2 ) (6f/L s )

FIGUU-'E 2-5
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ERIGHT-ANGLE COLLISION

MEMBRANE TENSION ANALYSIS OF DOUBLE-HULL STRUCTURE

WITH DAMAGE EXTENDING OVER FIVE WEB FRAME SPACES-

STRIKE MIDWAY BETWEEN CENTRAL WEB FRAMES-WEB FRAMES

AT BEGINNING OF DECK FLARE FAILING WITHOUT CRUSHING

5 Spaces @ Ls = Ld

wfe - wf T+T 2 )T 1  Area 2

St 2= Area _

Beginning -- / k 2/

of Deck 
-Beginning

Flare off DecFlae P: "wfe Flare

From the analysis
for only three web
frame spaces damaged, Figure 4,

2(6 - wf Ls1
[26-6wfe) -Y1

6wf - T2

This expression is substituted for 6wf in the above expression for
6wfe, and both expressions are substituted in the inequality below
so that the only unknown value is for 6wfe"

Membrane Tension Elongation in Outer Hull

_w2 w2 "wf (e- wf) 5- 5Lec <5ySOsr

2, 2Ls Ls 4

This used as an equation gives 6 - c deflection at rupture. I

Membrane Tensioi: Elongation in Inner Hull

et i  -fe 
6 wf 2  5 Lsec 5Lser

Ls  Ls

Membrane Tension Plastic Energy (including energy in flanking spans)

Emt = 1.17(Tleto + T2eti )

Normal Forces

4T 1
Pt L -s (°'56wfe + 6-1 bwf)

End Reaction = (T1 + T2 )( 6wfe/Ls)

FIGURE 2-6
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Radial Deflection at Onset of Yielding of LNG Sphere
Under a Concentrated Radial Load

References: Bijlaard, P. P., "Computation of the Stresses from
Local Loads in Spherical Pressure Vessels or Pressure
Vessel Heads," Welding Research Council Bulletin,
No. 34, March 1957.

Bijlaard, P. P., "Local Stresses in Spherical Shells
from Radial or Moment Loadings," The Welding Journal, 36(5),
Research Suppl., 240-s to 243-s (1957).

PsP Infinitey stiff PS
t cylinder welded to sphere

, atrx

Section Through Centerline 0 at r r

Conditions at r = ro
Radial Radial Tangential Tangential Von Mises-

Radial Bending Membrane Bending Membrane Huber
Deflection Moment per Force per Moment* per Force* per Yield

5s Unit Width Unit Width Unit Width Unit Width Criterion**
1 o 82r2 R Ps MxPs asI .Et2 PS PSt Ps P t t a Roy/E

0.1 0.388 0.383 0.298 0.120 0.090 0.435 0.169
0.2 0.346 0.287 0.273 .0.082 0.082 0.562 0.194
0.4 0.288 0.180 0.224 0.052 0.067 0.861 0.248
0.6 0.233 0.128 0.181 0.038 0.054 1.185 0.276
0.8 0.191 0.095 0.149 0.029 0.044 1.566 0.299
1.0 0.158 0.075 0.124 0.022 0.037 1.957 0.309
1.5 0.102 0.043 0.081 0.013 0.025 3.322 0.339
2.0 0.073 0.029 0.056 0.009 0.017 4.904 0.358

Conclusion from Calculated Data1 0. 2RO
At onsbt of yielding, 6s will be a value approximately in the range -E to

0. 3Rq
N

* Acting in the circumferential direction.

** Based on the octrahedral shearing stress =

F t E t t2

FIGURE 2-7



Adaptation of Plastic Analysis Procedure
for LNG Ship Considering Incursion
of the Sphere Containing the LNG

as

LANG Sphere 83 LN8phr

t = thickness t = thicknessN,,,,

riginal 4-Original

Position Sp Position

R - midplane of Long. of Long.
radius Bulkhead 'Bulkhead

Final Position of Sphere Material Final Position of
Long. Bulkhead Oy = !ield strength Long. Bulkhead

E = modulus of
elasticity

Ey = strain at on-
set of yield-

____ing
Strike by Vertical Bow Ets = strain at Strike by Raked Bow

tensile
strength

1. For maximum incursion not considering the LNG sphere, determine $s
from the geometry of the ship structure.

2. Compare this to a "permissible" alue

Roy its
8s = 0.2 E Iy

which results from the calculated data in Table III. This is based

on the assumption that, under t1e line loading exerted by a striking
bow, the maximum deflection should not be greater than the radial
deflection concomitant witn rupture of the sphere under a concentrated
radial load transmitted through a solid cylinder end-welded to the

sphere; the radius of the cylinder Z 0.lIVIt. Also, with bending
stresses predominating, it is conservative yet realistic to assume
that the deflection at rupture is the deflection at onset of

yielding times Ets/y.

3. If the permissible value is exceeded, recalculate the incursion
geometry so that as is equal to the permissible value.

FIGURE 2-8



3. ANALYSIS PROCEDURE APPLICATION

3.1 General

Based on the procedure presented in Chapter 2, a set of calculations

were performed to obtain the plastic energy absorbed prior to cargo tank rupture when

the LNG ship in the fully loaded condition is struck beam on (90 degrees) between

web frames coincident with midpoint between two adjacent bulki-eads by a 20,000

ton displacement ship with a plumb bow. Using the value of the energy absorbed in

the midpoint strike as reference, very approximate estimates were nade for the energy

absorbed in strikes at other points along the length between bulkheads. The approximation

method is described in section 3.2. Elevation sketch of the collision, Figure 3-l,shows

the vertical extent of the LNG ship intercepted by the striking bow. It is important

to note that the main deck is not intercepted.

i3
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3.2 Membrane Tension Energy for Arbitrary Strike Location

An examination of the results of tne energies in the component structures tests,

(see MR&S report 2087-15, Evaluation of Tanker Structure in Collision, November 1973.)

Figure 3.21,. and of a hypothetical case of a damaged length extending over seven

web frame spaces, Figures 3-3 and 3-4, suggests that the following could possibly

be reasonable for a rough approximation of the membrane tension energy with the

distance from a transverse bulkhead.
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Ld ________I
LLs LS Ls Lss s Ls

ANGLE MAY BE GREATER THAN ecBECAUSE OF
GREATER STRENGTH OF TRANSVERSE BULKHEAD

Lee

-__ _ , ,_ _ _ ,, _ __- , -, I-
'V .,- -J../ '"ec"  ,WEB FRAME i

45Ls Oc =1
, Pw

.., _ ,.CRIPPLIN

ec Wf AS ASSUMED IN

T ANALYSIS

TRANSVERW

WEB FRAMES
CRIPLING

HULL STRESS

5oKS HULL STRESS [- I "'K

PLANE SECTION OF DISTORTED HULL

ASSUME 4ec -36.5 THEN 5.5ec -50'
flEN,, LONGITUDINAL CaMPNENT OF RNE} = -

TENSION LEFT OF 'RE LOAD QJ WE M i

LOlNGITUDINAL COtf(OENT OF IEIRNj=3 m6 M
TENSION RIGT OF "HE LOAD )
NGLEAT TRNSVERSE B*ML = 4 .5 e-i (TNIS S THE MAXIMLtM BEND
ANGLE PERITTED MfAY FROM STRIKE FOR A0 STEEL3)

JUST BARELY YIELDING IN HULL ON ONE SIDE OF STRIKE FOR AjYPOTHE ICAI.
CASE WITH SEVEN WEB FRAME SPACES DMAGED UNER A LOAD O,.D FRO1M A
TRANSVERSE BU-04EA

FIGURE 3-3
3-5
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3.3 Results i
The results of the calculations are summarized in table 3-1 and Figures

3-5 and 3-6. Table 3-1 gives the average of the plastic energy developed prior to

shell plate rupture for strike location anywhere between adjacent bulkheads. The

average value is equi.ilent to collision energy imparted by the strikng ship travelling

at approximately 7.4 kno-s.

The variation of the energy with strike location and the energy for

strike midway between bulkheads are shown in Figure 3-5. The extreme variation

of energy is apparent.

The significant boundary condition imposed on the calculation was that the

total incursion of the striking vessel would be limited to the distance between the

shell and the cargo tank plus 16 inches. The 16 inches is due to the aliowab!3

deflection of the tank and it is based on rough calculation only since the investigation

of the ccrgo tank structure was outside the scope of work. Of course, this total

allowable incursion limitation becomes trivial when the shell and or the inner skin

fail before the total incursion is reached.

The variation in the energy absorbed along the !ength is due to the number

of webs involved in the damage and consequently the resulting damage length over

which the plastic membrane tension can be developed, as well as the permissable

incursioni or strain before the LNG containment tank is ruptured. Close to a bulkhead

3-7



due to location and spherical shape of the cargo tank the all 'wable incursion is high

but the available damage length is low, whereas, the conditions are reversed toward

the center of cargo space (see Figure 3-6.

The foregoing discussion brings out the point that except for strikes within

two web spaces of the bulkheads the LNG cargo tank will rupture (assuming the

estimate of 16 inch tank deflection prior to rupture is reasonable) before the

maximum strains in the outer and inner skin are developed. This implies that the

closeness of the tank to the shell and allowable strain in the tank limits the energy

developed in a collision.

j 3-P



Striking Ship Bow Vertical

Hit Angle 900

Case No. 12a

Shell Plate Thickness Inner shell 1/2" MS.
Outer shell 11/16 M.S.

Energy Absorbed (Average)
in - Kips 1,309,700

Energy Absorbed (Average) 48,730
Ft - Tons

Equivalent Striking Speed of A 7.4
20,000 T Ship (knots)

Table - I

SUMMARY OF AVERAGE PLASTIC ENERGY ABSORBED BEFORE
SHELL PLATE RUPTURE

3-9
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CASE 12A STIIGSI VRIA O

CALNGA ARRIER SHIPERAL 6.S

INNER SHELL 1/2\1MS.

MAX. ENERGY ABSORBED 1,973,000 IN-KIPS
=73,400 FT-TONS

150%000I

I 0
U) W 100,000 0

w

I W/ERAGE=
I 48,73OFTTONS

0 45 78 9

BHD 70% BHD

PERCENT OF DISTANCE FROM ONE
TRANSVERSE BULKHEAD TO NEXT
TRANSVERSE BULKHEAD

NARIATION OF ENERGY WITH LOCATION OF STRIKEZ

rig. 3-5 t-

- - 3-10



LEr=0.082-7 l~.56 r=.24jr.0576~ ErO.0827

0 1 2 3 4 5 6 7 8 9

MAX. ENERGY ABSORBED

=1,973,000 IN-KIPS

=73A40 FT-TONS

MAX. ENERGY 'I/2MAX.ENERGY
Er ___FT -TONS FT-TONS

0.0204 73,400 24,470

0.0576 20-4247 69,080

0.0827 297,558 99,190

VARIATION OF AVERAGE PLASTIC STRAIN (Er)WITI
LOCATION OF STRIKE

Fig.- 3-6
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4. CONCLUSIONS

I. The attempt to modify the procedure for the evaluation of tanker structure

in ccllision to suit the LNG ship was successful.

2. The following limitations of the procedure developed for the LNG ship

bhould be recognized.

o The procedure is based on a static analysis.

o The procedure assumes that the striking bows are infinitely
rigid.

o The damage to the struck ship does not extend into the bilge
area.

o The procedure employs a very approximate method for estimating
allowable deflection in the cargo tank before rupture.

4
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5. RECOMMENDATIONS

I. Perform numerical calculations for raked striking bow and oblique

collision.

2. Perform calculation for strike anywhere between adjacent bulkheads

by applying the detail procedure.

3. Update procedure to reflect non-rigid striking bows and dynamic

analysis and extend procedure to include damage to bilge area.

Preceding page blank
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7. GLOSSARY OF SYMBOLS

b = effective design width of a plate, except for the flange o"
a stiffener, for which 0.5b is the width of the outstandinc;
leg, measured from the center of'the web

d - depth of the web of a stiffener or clear depth of web plate

et  = total membrane-tension elongation of a stiffened-plate T-be
unit

tF or t = thickness of a Stiffener flange

or w = thickness of the web of a stiffener

A, B, and k = material property constants relating to when buckling
rupture will occur during plastic bending

A = area of stiffener flange

A area of stiffener webw

D = tensile test ductility

E = modulus of elasticity

Ebc = maximum value of bending plastic energy in stiffened-plate
T-beam unit, occurring when a longitudinal stiffener flance
buckles or ruptures

Ed = membrane tension plastic energy in deck

E = membrane tension plastic energy in ship side

Et  = tangent modulus

F = force required to propagate longitudinally the yield line a-
the strike

I = moment of inertia about the axis of bending

K =C/C r

L = distance from the load to the nearest support for a right
angle collision, or distance from the load to the support
behind the load (in the direction opposite to the longitudin.
direction of the strike) for an oblique collision

L" = Lt - L'

L = length of damage, measured in the longitudinal direction

L = space between two consecutive web frames or swash hulkhec-.2

7 Date
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L t  =value of L when the length of damage is only one or two

spaces between web frames or swash bulkheads

L = yielded length of.flange at beginning of local buckling
Y of a stiffener flange

Mp = plastic bending moment in a stiffened-plate-T-beam unit

P = load on a stiffened-plate T-beam unit that will occur

Ptm =a maximum value of the load on a stiffened-plate T-beam unit

that will occur during membrane tension

Pwf load exerted by the most highly strained stiffened-plate
T-beam unit on a web frame at the instant that the web
frame yields or buckles

R = ratio of force (shear, moment, or'thrust) within a web
(with frame, subjected to a given lateral load, to the iltimate
number force
subscript)

R = maximum value of R (with number subscript)m

. T = total membrane-tension thrust in a stiffened-plate T-beam
unit after yielding

5 a specified lateral deflection; also, the deflection of
the centroid of a stiffened-plate T-beam unit

8 bc maximum value of 6 during the bending phase

6 maximum value of 6 during the membrane-tension phase
m

6 = value of 6 at the instant of rupture, during the membrane-tension phase, when only one or two web-frame spaces are

damaged

£ longitudinal strain in hull

C C longitudinal compression strain that results from elastic
bending of the entire ship cross section

C X average strain over L"

(- m. maximum bending-pls-membrane-tension strain at hull rupturel
Cr 0.10 (
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L t  =value of L. when the length of damage is only one or two
spaces betw;ueen web frames or swash bulkheads

OL = yielded length of.flange at beginning of local buckling

Y of a stiffener flange

M p = plastic bending moment in a stiffened-plate-T-beam unit

P b =load on a stiffened-plate T-beam unit that will occur
during plastic bending

P tm a maximum value of the load on a stiffened--plate T-beam unit
that will occur during membrane tension

Pw load exerted by the most highly strained stiffened-plate
Wf T-beam unit on a web frame at the instant that the web

frame yields or buckles

R =ratio of force (shear, moment, or'thrust) within a web
.(with frame, subjected to a given lateral load, to the ultimate
number force
subscript)

Rm  maximum value of R (with number subscript)

[ ).. T =total membrane-tension thrust in a stiffened-plate T-beam

unit after yielding

6 a specified lateral deflection; also, the deflection of
* the centroid of a stiffened-plate T-beam unit

! 6c =maximum value of 6 during the bending phase

I 6 "-maximum value of 6 during the membrane-tension phase

m

tc =value of 6 at the instant of rupture, during the membrane-
tension phase, when only one or two web-frame spaces are
damaged

C longitudinal-strain in hull

C longitudinal compression strain that results from elastic
bending of the entire ship cross section

C z average strain over L"

C maximum bending-plus-membrane-tension strain at hull rupture_*_C~M.
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1. BACKGROUND

This report is on a separate task accomplished within the research and

development project related to the evaluation of the structure of tankers in

collision from the viewpoint of the protection afforded to the cargo. The tanker

project has developed to date an analytical procedure for estimating the plastic

energy developed by a longitudinally framed tanker when involved in collision,

both right angle and oblique, with ships with rigid bows. The procedure is reported

I n the following reports:

Part I. Tanker Structural Evaluation, Prepared for. Department of Transportation,

U.S. Coast Guard, by M. Rosenblatt & Son, Inc., New York and USS

Engineers & Consultants, Pittsburgh, Pa.,MR&S Report No. 2087,

April 1972, (USCG Project 72-33-21).

Part II. Evaluation of Tanker Structure in Collision Prepared for Department

of Transportation, U.S. Coast Guard by M. Rosenblatt & Son, Inc.

New York and U.S. Steel Corporation, Monroeville, Pa.,MR&S

Report No. 2087-15, November 1973.

The application of the conservative procedure of Part I showed

that a typical oil tanker could only withstand side shell rupture and subsequent loss of

cargo to the environment if the speed of the 20,000 ton cisplocement striking ship was

limited. This indicated that some way of absorbing considerably more energy was needed

fot cargo protection. It was recognized that a limit existed as to the modifications that

could be incorporated in standard ship design to improve cargo Frotection in the event

I-!



of collision. Hence it was felt essential that non-standard structural schemes e

examined to enhance collision protection. These are not to be confused with non-

structural schemes, collision avoidance equipment or operational pract" =es.

Several non-standrd structural scherpes have been hypothesixed. The v ray

be considered "brain stormts" since the level of effort was only to fotrinlate a

configuration and assume it would function as hypothesized without coksici.wing

possible problem areas, no matter how obvious.

The various schemes fall into two categories depending on their mair. nergy

absorbinj mechanism. The first group consists of designs wich absorb energy in the

deformation of the main structural members while the second includes those w.ich u.se

some secondary mechanism like a dashpot, activated by the main structural sys'em,

to absorb the greater part of the energy. F.conomics have not been considered. A

O brief schematic sketch of each of the schemes is given in Figs. 1-3. CGIculations

for the various schemes can be found in the t.pperdix. The second category holds

the most promise for large energy absorption.

Each of the schemes have been compared with theoretical collision calculctiort.,

from Part 1. Even though the theory of structural deformation as applied to standard

struct.'res hm since been modified as described in Port II, the comparisons should

remain valid since only the difrerence in energy absorption between standard and non-

standard structurmi was considered. It should be noted that depending oi the extent

of damage that a particular standard structured ship can withstand, the additional

protection of the non-standard structure will vary. Therefore in practice the advantage

of non-standard structure should be evaluated independently for any particular ship.

1-2 ii



3 Although considerable development is still required beFore any of the schemes

can be considered, it has been indicated by the comparisons that the dashpot energy

absorbers employing a multi-directional force dispersing medium as the energy

absorber show encouraging characteristics.

40
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2. ENERGY ABSORBING SCHEMES

2.1 Main Structure Energy Absorbers A

2.1.1 Weakened Web Frames

The objective of this approach is to make the web frames less 4

resistant to failure under the high collision loads (i.e., increase Rm, which for any

given failure mode is the ratio of (1) the loading first assumed in analyzing that and 7

all other failure modes to (2) the loading causing the failure mode) while maintaining

their operational structural integrity. This will result in greater side shell deformation

and therefore larger membrane energy absorption. As an example of how this can be
done, consider the web frames of the CMX tanker used for the parametric study. By A

removing the flat bar stiffeners attached to the longitudinals and removing the web

frame struts, while maintaining structural strength for operational loads, a wide

unstiffened web will result. This web will be prone to local buckling behind the

longitudinals when load is transmitted to it from them. The web frames can be

designed to fail immediately after the maximum design load due to static and dynamic

non-collision forces is surpassed. This will require rigorous calculations of hull

strength. A.B.S. and other Classi fication Societies rules must also be met.

Calculations for a particular ship with weakened web frames

showed that Rm increased by 120% and the energy absorption increased by 80% over

the same ship with normal web frames.

2.1.2 Wire Ropes Inboard or Outboard of Side Shell

This scheme is intended to make use of higher strength steels

(greater than 100 ksi yie!d) which are too non-ductilc for side shelF plating. By

anchoring the high strength steel wire repe at the ends of the ship or other suitable

point, and allowing it to pass and slide through web frames and bulkheads, (if inboard)

2-1



large deflections can be realized in the wire rope during a collision. Of great importance

is the fact that although the deflection of the rope may be large, the strains will be small

because of its long length. Of course this is necessary since the non-ductile rope can only

withstand elastic deformation. The rope should be constructed so that stretching not due

to straining of the steel is precluded.

The comparison of the energy absorption for a ship with and

without wire ropes of high strength steel shows no advantage of the former over slightly

increased plate thickness in the ship without wire ropes. This is attributable to the fact

that the force in the rope must increase from zero to its maximum value at yield, while

the force in the plating quickly reaches a value corresponding to yield and then remains

fairly constant throughout the major part of the total plastic membrane deflection.

2.1.3 Double Hull Acting in Parallel

"y constructing a stiff web between the parallel hulls

so that during collision deformation the two hulls act together instead of in series, it was

hoped greater forces on the inboard web frames would be produced and therefore an

Increase in the extent of damage and energy absorption could be realized.

Because the membrane stretching energy is proportional

to the side shell thickness, the membrane energy absorbed by the double hull acting in

parallel will be the same as that for a single hull of the same total side shell thickness.

The additional energy of the double skin configuration will come from greater deck

damage and dest.ruction of the outer hull. These are small in relation to the membrane

energy. However, there will be the added protection of an inside skin.

2-2A
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o For the comparison a single hull ship was used as representative

of the parallel acting double hull. The comparison between this and a series acting

double hull of the same total shell thickness showed little difference in energy

ab;orption between the two. Therefore no appreciable advantage is foreseen in considering

a parallel acting double hull over a series acting double hull.

2.2 Dashpot Energy Absorbers

2.2.1 Dashpot Within the Main Hull

Constructing a controlled pressure fluid chamber integral

with the side shell can result in large energy dbsorption due to expansion of the chamber

fluid through orifices or valves during a collision. Relieving can be done into cargo

tanks if the pressurized fluid is cargo oil, or outboard if the fluid is water.

The maximum allowable pressure within the chamber would

depend on the strength of the side shell which forms one of the chamber walls. By
estimating a collision time and maximum structural deformation, a flow rate can be

calculated to preclude bursting of the chamber. Check valves or orifices may be used.

However, only the valves will insure constant chamber fluid pressure, and therefore are

preferred.

For a ship fitted with the dashpots 420/o more energy was

absorbed ihan with the same ship withou the dashpots.

I9 should be noted that the chamber could be filled by cargo

oil or sea water depending on the location of the orifices or valves. The former allows

the tank space to be used for cargo carrying, while the latter affords greater safety

during a collision if by chance the outer skin of the ship should faii,

2-3



2.2.2 Honeycombing Within the Main Hull

In this scheme the chamber fluid of 2.2.1 has been replaced

with a metalic honeycomb.

Unless the load is evenly distributed over the honeycombing

and parallel to its grain, the honeycombing will buckle instead of crush. The energy

absorption in this mode of failure is much less than in compression. Because of the

flexibility of the ship's side the collision load will be transferred to the honeycombing

in such a fashion that it will cause buckling, so that high energy absorption will not

be realized. Some experimertal verification may be needed here.

2.2.3 External Honeycombing

By placing a specified thickness of honeycombing outside

the main hull, and covering it with a thick plee capable of moving perpendicular

to the side shell, and of such rigidity that it will transmit the line load of collision

a a distributed load, large amounts of honeycombing can be crushed with significant

energy absorption.

Calculations show that any reasonable plate thickness will

riot give the desired result.

2.2.4 Solid Absorber Inside Main Hull

If a solid energy absorber can be developed that will absorb

equal amounts of energy regardless of the direction of load application (for instance

a plastic foam or a metallic structure like honeycombing but with a granular rather

than tubular structure), in theory, the results of 2.2.1 could be approached. The same

amount of energy absorption probably could not be attained because of the rapid force

transmlt'ing capability of the fluid.

2-4
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